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PREFACE 


The principal aim of this book is to initiate the student in the 
basic ideas and methods of Higher Geometry and to furnish him 
with an adequate background for further geometrical studies. 
It aspires, not to cover a large range of topics, but to develop a 
few fields thoroughly, with special emphasis on fundamentals 
which are common to all geometry. 

Of the groups of geometrical transformations, the most im- 
portant are the projective group and the group of circular trans- 
formations, and it is the geometries associated with these groups 
which are selected for intensive study. 

Since the book is intended as an introduction to the subject, it 
is based on the student^s previous training. Though the lack of a 
logical foundation makes the achievement of absolute rigor a 
difficult, if not an impossible, task, it may not be used as an ex- 
cuse for treating rigor too lightly. If the student is to come to an 
appreciation of the need of rigor in geometry, as well as in other 
mathematical fields, he must be trained in accurate geometric 
thought. Accordingly, considerable emphasis is laid on this 
point. In particular, the phrase **in general' is used only 
sparingly. This phrase, when properly defined, is on occasion 
advantageous. But frequently the cases excluded by it are as 
interesting as the general case itself. And, what is of greater 
moment, placing it at the disposal of the student at an early 
stage subjects him to the temptation to use it as a cover for 
slackness. 

A well balanced book on geometry should employ both syn- 
thetic and analytic methods. Of the two, the analytic methods 
are the more indispensable; without them, in particular, without 
the simple introduction of imaginary elements which they 
afford, the handicap is severe. Moreover, synthetic methods are 
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PREFACE 


A final word, without which this preface would be woefully in- 
complete. For what the book contains I am responsible. But 
whatever success it may achieve is due to the course at Harvard 
University known as Mathematics 3, or better, to those of my 
past and present colleagues who inaugurated and developed it. 

William C. Graustein 
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CHAPTER I 

LINEAR EQUATIONS AND LINEAR DEPENDENCE 

1. Introduction. Matrices. In the analytic treatment of geometry 
there are certain algebraic tools which are indispensable. The most 
important among them are determinants, the theory of linear equa^ 
tions, and the closely related theory of linear dependence. 

It is assumed that the reader has a working knowledge of deter- 
minants, and that he is familiar with the application of them to the 
solution of n linear equations in n unknowns which goes by the name 
of Cramer^ s rule and reads, when n = 3, as follows.* 

The three linear equations in three unknownSy 

oix + biy + C\Z = kiy 

(1) a2X + h^y + C 2 Z = hi, 

a-iX + bzfj + CzZ = kzf 

when the determinant of the coefficients of (he unknowns is not zero: 

|u 6r| 0, 

have one and only one simultaneous solution y namely y 



where \khc\y for exampley is the determinant obtained from |tt6c| 
by replacing each a by the corresponding k. 

To help us in pursuing further the study of linear equations, we 
need a new concept, that of a matrix. In the system of equations (1), 
the number of equations is equal to the number of unknowns, and 
hence the coefficients of the unknowns form a square array. This is, 
however, a special case. In general, the number of equations is 
different from the number of unknowns and the array of coefficients 
is rectangular. 

* A knowledge of §§ 1-6, 8 of Ch. XVI, Analytic Geometry ^ is all that is pre- 
supposed. 
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Rectangular arrays of this type, of which the square arrays are 
special cases, are called matrices. Thus 


(2) 


j| a\ a<i Gz 
l| bi 62 ^3 


is a matrix of two rows and three columns, and 


ai 

a2 

as 

Ga 

hi 

hz 

bs 

hA 

Cl 

C2 

Cs 

Ca 

d\ 

d^ 

ds 

dA 


is a square matrix with four rows and four columns. 

A matrix, even when square, is not a determinant. The matrix (3) 
is the set of sixteen quantities arranged as shown, whereas the cor- 
responding determinant is a single quantity, a polynomial formed 
from the sixteen quantities according to a certain law. 

On the other hand, numerous determinants can be formed from a 
matrix by suppression of rows and columns. P>om the matrix (2) 
we have the three two-rowed determinants 


(72 

Gz 


Oi 

as 


ai 

a2 

bs 

hz 

f 

b, 

bs 

f 

b, 

bs 


obtained by suppressing each of the columns in turn; and six one- 
rowed determinants, namely the elements themselves. Again, from 
the matrix (3) there can be formed determinants of the fourth, third, 
second, and first orders. 

Definition. //, 0 / the determinants which can he formed from a 
given matrix, not all those of order r are zero, whereas all those of order 
greater than r are zero, the matrix is said to be of rank r. 

For example, if, of the determinants that can be formed from a 
matrix of eight rows and- six columns, all those of orders six, five, and 
four are zero, but at least one of order three is not zero, the rank of the 
matrix is three. 

If the elements of a matrix are all zero, the definition cannot be 
applied. It is reasonable to agree that in tliis case the rank be zero. 

The ranks of the matrices. 


2 

1 

3 


4 

2 

6 


0 

0 

0 

4 

5 

2 

t 

6 

3 

9 


0 

0 

0 


are, respectively, 2, 1 and 0. 
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EXERCISES 

Find the ranks of the following matrices. 


II 4-2 6 11 

1 0 1 


1 2 

- 1 3 

1-6 3 -4 

2 13 
12 3 

3. 

4 3 
- 2 1 

2 1 
- 4 5 


4. Show that the rank of the matrix obtained by interchanging the rows and 
columns in a given matrix is the same as that of the given matrix. 


2. Homogeneous Linear Equations. A polynomial in xi, xj, all 
of whose terms are of the same degree in Xi, xs, is said to be horno^ 
geneous. Thus 

2 Xi — b X2 Xzt 3 XiX^ — 5 0:2 + 4 XiXz 

are homogeneous polynomials in X\^ X 2 , x% of the first and second 
degrees, respectively. 

A. System of Two Homogeneous Linear Equations in Three Unknowns. 
Consider the simultaneous equations 

a\Xi "4“ a^x^ "4“ a^xz = 0, 

h\Xi + 1)2X2 + 63 X 3 = 0 . 


An obvious solution of those equations is X\ = 0, X 2 = 0, Xz = 0. 
This solution is never very useful in practice. In seeking other 
solutions, we distinguish three cases, according as the rank r of the 
matrix of the coefficients. 


Oi 

«S 

az 

61 


bz 


is 2, 1, or 0. 


Case 1 : r = 2. At least one of the two-rowed determinants in (2) 
is not zero. Suppose that 01^2 — a-^i ^ 0 and rewrite equations (1) 
in the form 


(3) 


aiXi + ^2X2 = — azXzj 
blXi 2>2X2 = — & 3 X 3 . 


Considered as equations in xi and X 2 alone, these equations have, by 
Cramer’s rule, the solution ^ 


(4) 


a2 

as 

6, 

6s 

ai 

02 

b^ 

6s 


Os 

Ol 

6 , 

6 , 

Ol 

O 2 

6 j 

62 


no matter what the value of xz may be. Hence equations (1), in 
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Xi, X2, x$, have the solution 


(5) 


Xi = 


0,2 &3 


Oi 62 





Xz = ®8f 


where Xz is an arbitrary constant.* 

If k is an arbitrary constant, k\aih2\ is also an arbitrary constant. 
Hence we may replace xz in (5) by A;| ai 62I . The result is 
(I) Xi = k\a2hz\^ 1^2 = &i(, 0:3 = A;| ai 62I , 


where k is an arbitrary constant. 

Inasmuch as all the solutions of (3) are given by (4), all the solu- 
tions of (1) are given by (I). 

Since (I) comprises all the solutions of (1), it is known as the general 
solution of (1). A solution obtained from it by giving to A: a specific 
value is called a particular solution. The particular solution for 
A; = 0 is 0, 0, 0, and that for A; = 1 is | &3I , | aa 61 1 , | ai 62 1 . 

Case 2: r = 1. All the two-rowed determinants in (2) vanish, but 
at least one element is not zero. Assume, for example, that Oi 9^ 0 
and solve the first equation for xi: 


O2 Oz 

Xx ■“ X2 Xz* 

Ox Ox 

This value of Xx satisfies the second equation, considered as an equa- 
tion in Xx, no matter what the values of Xz and X3 are, for the result of 
substituting it in the second equation is 

(aihz — azhx)x2 + {oxhz — azhi)xz = 0 , 

and a\f)2 — a^hx and a 163 — Ozbi are both zero, by hypothesis. 

It follows that the general solution of equations (1) is given by 

W Xx = X2 Xz, X2 = Xz, Xz = Xz, 

Ox Ox 

or by 

(II) Xi = — A: 02 — ^ 03, X2= k Oi, Xz = I Ox, 

where k and I are arbitrary constants. 

Case S: r = 0. Since in this case all the coefficients in (1) are zero, 
the general solution is 

(III) Xx = A;, X2 = I, Xz = m, 

where k, Z, and m are arbitrary constants. 

* Each of the determinants in (4) we have now represented by the elements 
of its principal diagonal, enclosed by bars. 
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In all three cases the two equations have solutions other than 0, 0, 0. 
This is true also of a single equation, as may be readily verified. 

Theorem A. A system of less than three homogeneous linear equations 
in three unknowns always has solutions other than 0, 0, 0. 

Inspection of the three cases shows that the general solviion of the 
system (1) always contains 3 — r arbitrary constants. The values of 
3 — r unknowns may be arbitrarily assigned and those of the remaining 
unknowns are then determined. Thus, the general solution (II) in 
the case r = 1 contains the two arbitrary constants, k and Z, corre- 
sponding to arbitrary values assigned to X 2 and Xj. 

Exercise. Show that the italicized statement is true also of a single 
equation aiXi -f- 02 X 2 4- = 0. 

B. System of Three Homogeneous Linear Equations in Three Un- 
knowns. The equations, 

^2^2 4“ ^3^3 ~ 0, 

(7) hixi + 1)2X2 + 63^3 = 0, 

ClXi + C2X2 + CsXz =■ 0 , 

do not always have solutions other than 0, 0, 0. For, if the deter- 
minant I a 6 c I of the coefficients is not zero, the system has, according 
to § 1, just one solution, given by Gramer^s rule, and this solution, 
since the right-hand members in (7) are all zero, is 0, 0, 0. 

It follows that, if equations (7) are to have solutions different from 
0, 0, 0, the determinant of the coefficients must vanish. Conversely, 
if |a6c| =0, the equations actually have solutions other than 
0, 0, 0, for the rank r of the matrix || a 6 c || is then 2, 1, or 0, and we 
shall show that in these three cases equations (7) behave precisely as 
did equations (1) in the three corrCvsponding cases. 

Case 1: r == 2. We may assume, for example, that |ai62| ^ 0, 
The general solution of the first two equations in (7) is, then, by 
Case 1 under A, 

(I) Xi — k\a2hz\y X2 = k\azhi\y = A;|>ai 62] . 

The result of substituting these values of X\, X 2 , Xz in the third equation 
is 

kjab cj = 0, 

and |o6c| =0, by hypothesis. Hence all the solutions of (7) are 
given by (I). 
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Case 2: r — 1 . In this case, at least one coefficient in ( 7 ) is not 
zero, say ai 9 ^ 0, The general solution of (7) is then (II), for the 
values in (II) constitute the general solution of the first equation, and 
they satisfy the remaining equations by virtue of the fact that all 
the two-rowed determinants formed from || a 6 c || are zero; see Case 2 
under A. 

Case 3: r = 0. Here, all the coefficients in (7) are zero and the 
general solution is given by (III). 

The proof of our contention is now complete. 

Theorem B. A necessary and sufficient condition that three homcn 
geneous linear equations in three unknowns have a solution other than 
0, 0, 0 is that the determinant of the coefficients of the unknowns vanish. 

Here, too, it is true that, if the rank of the system, that is, the 
rank of the matrix || afec |!, is r, the general solution contains 3 — r 
arbitrary constants. For, if r < 3, the solutions of (7) are in each 
case precisely those of (1); and, if r = 3, the general solution of (7) 
is the single solution 0, 0, 0 and contains no arbitrary constant. 

C. System of More than Three Homogeneous Linear Equations in 
Three Unknowns. Imagine that to equations (7) there are adjoined 
additional equations of the same type. The resulting system has a 
matrix whose rank r is at most three. 

If r = 3, at least one of the three-rowed determinants in the matrix 
is not zero. Suppose that \ ab c\ 9 ^ 0. Then the first three equations 
have as tlicir only solution 0, 0, 0, and hence this is the only solution 
of the system. 

If r = 2, and we assume, in particular, that | Ui 62I ^ 0, the general 
solution of the system is (I), for the values in (I) constitute the general 
solution of the first two equations, and they satisfy the remaining 
equations by virtue of the fact that all the three-rowed determinants 
in the original matrix are zero; see Case I under B. 

If r = 1 and ai 9 ^ 0, (II) is the general solution of the system; and, 
if r = 0, the general solution is given by (III). 

From this, and the previous, discussion we conclude the theorem: 

Theorem C. A system of three or more homogeneous linear equations 
in three unknowns has solutions other than 0, 0, 0 if and only if the rank 
of the matrix of the coefficients is less than three. 

We note that in this case, as well as in the preceding cases, the 
general solution always contains 3 — r arbitrary constants. 
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Summary. We may summarize our theoretical results in one 
simple theorem. 

Theorem 1 . If the rank of a system of homogeneous linear equations 
in three unknowns is r, the general solution of the system contains 3 — r 
arbitrary constants. 

The theorem says that, when r = 3, the general solution contains 
no arbitrary constant. This means that the only solution is 0, 0, 0; 
for, if there were a solution Xi, xs, Xs other than 0, 0, 0, then k Xi, kx2, 
k Xs, where k is an arbitrary constant, would be a solution. 

Since the theorem guarantees 0, 0, 0 as the only solution when 
r = 3, and implies solutions other than 0, 0, 0 when r < 3, it actu- 
ally covers the three previous theorems. Thus, if there are fewer 
than three equations, r is always less than three and there are always 
solutions other than 0, 0, 0 (Theorem A). If there are at least three 
equations, r may be equal to three or less than three, and only in the 
latter case arc there solutions other than 0, 0, 0 (Theorems B, C). 

General Case. The results obtained for systems of equations in 
three unknowns are typical. They admit immediate extension to the 
general case of a system in any given number of unknowns. 

Theorem 2. If the rank of a system of homogeneous linear equations 
in n unknowns is r, the general solution of the system contains n -- r 
arbitrary constants. 

Corollary A. If the number of equations is less than n, the system 
always has solutions other than 0, 0, • • • , 0. 

Corollary B. If the number of equations is equal to n, the system 
has solutions other than 0, 0, •••,0 if and only if the determinant of 
the coefficients vanishes. 

Corollary C. If the number of equations is equal to or greater than 
n, the system has solutions other than 0, 0, • • • , 0 i/ and only if r < n. 

EXERCISES 

1. Solve the system of equations / 

2 xi 4 - 3x2 + 6 x 3 = 0 , 3xi — 6 xa + 2 x 8 =a 0 . 

Find a particular solution and then write the general solution. 

2. Find all the solutions of the system 

3 Xi -f- 2 Xa — 2 Xs = 0, 2 Xi -|- 3 Xa — Xa = 0, 

3. Prove Cor. B of Th. 2 when n — 2 . 


8x1 + 7xa — 5xj =* 0. 
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4 . Prove Cor. C of Th. 2 for the system of equations 

aiXi + O'iXi = 0, hiXi + 62X2 = 0, CiXi + C2a:2 = 0. 

5. IMscuss completely a system of three linear homogeneous equations in 
four uiJuiowns. Then prove Cor. B of Th. 2 for n = 4. 

6. Find all the solutions of the system 

Xi + 2 X 2 - rr3 + X4 = 0 , Xi -f- 2 x 2 + Xa - 2 x 4 = 0 . 

7. Show that a system of homogeneous linear equations in n unknowns 
has a solution other than 0, 0, • • •, 0 if and only if its rank is less than n. 

3. Proportionality. Linear Dependence. The ordinary definition 
of proportionality of two pairs of numbers demands that each number 
pair be a multiple of the other. The number pairs 2, 4 and 3, 6 are 
proportional according to this definition. On the other hand, the 
number pairs 2, 4 and 0, 0 are not proportional according to it; for, 
though the second is a multiple of the first, the first is not a multiple 
of the second. It is convenient to extend the definition so that pairs 
of numbers of this type will be proportional, by demanding merely 
that at least one of the number pairs be a multiple of the other. 

We formulate the extended definition as follows. 

Definition 1. The number pairs Oi, a2 and fei, 62 are proportional 
if there exist two numbers, k and I, not both zero, such that 

(1) kai + Ibi = 0 , ka 2 + lb 2 — 0. 

Since it is required that at least one of the numbers k, I be not zero, 
the definition does demand that at least one of the number pairs be a 
multiple of the other.* 

An important advantage of the extended definition is easily cited. 
If ai, 02 and 61, 62 are proportional in either sense, their determinant 
is zero: \ab\ =0. The converse is not true, if we hold to the original 
definition, as the case of the number pairs 2, 4 and 0, 0 shows. It is 
true, however, when the extended definition is adopted. 

Theorem 1. The number pairs ai, a2 and bi, 62 are proportional {in 
the extended sense) if and only if their determinant vanishes: | a 6 1 = 0. 

Definition 1 says that ai, a^ and b\, 62 are proportional if and only 
if equations (1) in k, I have a solution other than 0, 0. But two 
homogeneous linear equations in two unknowns have a solution other 

* For example, U k 9^0, ( 1 ) can be rewritten ai — m 61, 02 = m 621 where 
m =» — l/k. 
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than 0, 0 when and only when the determinant of their coefficients 
vanishes. Hence the theorem is proved. 

The definition of proportionality can be readily extended to the 
case of two sets of n numbers each. For example, when n = 3, we 
have : 

Definition 2. The number triples 


( 2 ) 


^2, U8> 

& 1 , ^> 2 , biy 


are proportional if and only if two numbers, k and I, not both zero, exist 
so that 

(3) k ai Ibi = 0 , k 02 lb2 ^ 0 , k a^ Ibz — 0 . 


In other words, the number triples are proportional when and only 
when the system (3) of three homogeneous linear equations in the two 
unknowns k, I have a solution other than 0, 0. But a condition, 
necessary and sufficient that such a solution exist, is that the rank of 
the system be less than two; see § 2, Tli. 2, Cor. C. 


Theorem 2. The two number triples ai, 02, Ua ond 61, 
proportional if and only if 


(4) 


02 az 
62 63 


= 0, 


O3 

bz 



ai 

bi 



62, bz are 


that is, if and only if the rank of their matrix is less than two. 

Linear Dependence. Proportionality of two sets of numbers is a 
special type of dependence of the two sets upon one another. Equa- 
tions exhibiting this dependence are linear. Herein lies the motivation 
of the term ‘Tinear dependence,'' which, when applied to two sets of 
numbers, is synonymous with ‘"proportionality." 

We proceed to extend the idea of linear dependence in applying it 
to three number triples. 

Definition 3. The number triples 



Oi, 

02, 

az. 

(5) 

K 

bz, 

bz. 


Cl, 

Cz, 

cz. 


are linearly dependent if and only if three numbers k, I, m, not all zero, 
exist so that 

kai Ibi + mci = 0, 

( 6 ) A; 02 + ^ ^2 + w C2 = 0 , 

k az + Ihz + mcz = 0. 
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Equations (6) have a solution for Z, w, other than 0, 0, 0, if and 
only if |a&c| =0. Hence: 

Theorem 3. Three number triples are linearly dependent if and only 
if their determinant vanishes; or, if and only if the rank of their matrix 
is less than three. 

The numbers kj Z, m in this case, or /c, I in the previous cases, are 
known as the constants of dependence. They may frequently be found 
by inspection, and can always be found by solving the equations which 
express the linear dependence. 

We have seen that two number triples are linearly dependent if and 
only if the rank of their matrix is less than two, and that three are 
linearly dependent if and only if the rank of their matrix is less than 
three. In general: 

Theorem 4. A necessary and sufficient condition that m number 
triples be linearly dependent is that the rank of their matrix he less than m. 

Since the matrix of the triples always has three columns, its rank 
can never be greater than three and consequently is always less than 
m, when m > S. Hence the theorem implies that more than three num~ 
ber triples are always linearly dependent. 

Let us prove that this is the case when m = 4. The three number 
triples (5) together with a fourth, di, da, d^, are, by definition, linearly 
dependent if and only if four numbers Ay R, C, D, not all zero, exist 
so that 

Aai -|- Bbi 4" Cc\ + T)di = 0, 

(7) Aa 2 Bb 2 H” Ce 2 Z)d2 = 0, 

Aaz Bbz 4” CV 3 4" Ddz = 0 . 

These three equations in the four unknowns Ay B, C, D always have a 
solution other than 0, 0, 0, 0; see § 2, Th. 2, Cor. A. Hence four 
number triples are always linearly dependent. 

By similar reasoning we could show that five or more triples are 
always linearly dependent. We prefer, however, to prove this in 
another way. Let the triples be, for example, the previous four and 
oiy C 2 , cs. The previous four we know are linearly dependent: A, By 
Cy Dy not all zero, exist so that equations (7) are valid. Then A, By 
Cy Dy Ey not all zero, exist so that the three equations 

Aot + Bby 4 “ Cct 4- Ddy 4 “ Eei = 0 , (i = 1 , 2 , 3 ), 

are valid; we have but to retain the previous values for A, R, C, D, 
and take E as 0. 
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General Case, The generalization of our results to the case of sets 
of n numbers each is simi)lo. 

Theorem 5. A necessary and svjficient condition that m sets of n 
numbers each he linearly dependent is that the rank of their matrix be 
lesti than m. In particular, if m > n, the sets are always linearly 
dependent. If m = n, they are linearly dependent if and only if their 
determinant vanishes. 


EXERCISES 

1 . Show that the number triples 5, 14, 4; 2, — 1, 1; 3, 4, 2 are linearly 
dependent and find values for the constants of dependence. 

2 . Formulate the definition of linear dependence for four sets of four 
numbers each. Show that a condition, necessary and sufficient that they be 
linearly dependent, is that their determinant vanish. 

3. Are the sets of numbers 1, 2, 4, 3; 2, 2, 1, 3; 4, 1 , 2, 5 linearly dependent? 

4. Formulate the definition of linear dependence for m sets of n numbers 
each. Hence establish Theorem 5. 

5. Show that if there exists, among m sets of n numbers each, a smaller 
number of sets which are linearly dei)endent, the m sets are linearly dependent. 

6 . Prove that, if any one of m sets of n numbers each consists exclusively 
of zeros, the m sets are linearly dependent. 

4. Linear Combination. The number triple Ci, C2, Cs is called a 
linear combination of the number triples aj, 02, Os and 61, 62, 63 if 
two numbers k, I exist so that 

(1) Cl = kai -\r Ibi, C2 = A; 02 + ^ 62, C3 = as + Z 63. 

In general, the number set h\, hz, • • •, /in is a linear combination of 
the number sets ai, a^, ••*,««; 62, ' • • , ^1, ^2, • * • , 

if numbers A, B, • • • , G can bo found so that the n equations 

(2) hi = Aa, + Bbi + • • • + Goi, (f = 1, 2, • • • , n), 
subsist. 

Linear combination and linear dependence are closely related. For 
example, equations (1) can be rewritten in a form, 

A; ai -f Z hi — Cl = 0, kaz Ibz — cz = 0 , A; 03 + Z 63 — c* = 0, 

which tells us that the triples of a’s, 6's, and c\s are linearly dependent. 
Again, equations (2) may be interpreted as expressing the linear de- 
pendence of ai, 02, an] hi, 62, hn; ; gi, gz, •••, gn} 

and hi, hz, • • • , An* 
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Theorem 1. If a number set is a linear combination of m number 
sets^ the m I number sets are linearly dependent. 

The converse of the theorem is true. 


Theorem 2. If certain number sets are linearly dependent^ at least 
one set among them is a linear combination of the others. 


Consider, say, equations (7) of § 3, expressing the linear dependence 
of the number triples oi, 02, as; 2>i, ^>2, 63; Ci, C2, Cs; dx, ^2, ds- Of the 
constants of dependence R, (7, Z), at least one is not zero. Suppose 
that Z) 5*^ 0. Equations (7) may, then, be solved for di, d2, da, and 
the triple of d*s is thus obtained as a linear combination of the other 
three triples. 

EXERCISES 


1 . Show that 


fll 

3 fli Cl 

Cl 

a2 

3 (I 2 ■“ C 2 

C 2 

fla 

3 a,{ — C 3 

C 3 


2. Prove that, if one column, or row, of a determinant is a linear combination 
of two or more columns, or rows, the value of the determinant is zero. 

3. Prove that, if the sum of the elements in each column, or row, of a deter- 
minant is zero, the determinant is zero. 


5. Homogeneous Linear Equations. Conclusion. 

Theorem 1. If ri, r 2 , • • • ^rn and Si, .^ 2 , • • • , Sn are two solutions of a 
system of homogeneous linear equations in n unknowns, Xi, X 2 , • • • , Xn, 
then 

(a) krx, kr2, •••, kr^, 

W + 5li ^2 + 52, • • • , 7*n + 5n, 

where k is arbitrary, are also solutions. 

The proof of the theorem is left to the reader. From it follows that, 
if Ti, r^f • • • , Tn and Si, as, • • • , Sn are solutions, kri, kr^, • • • , A; r„ and 
Isi, ls 2 f • • • , / Sn arc solutions, and therefore 

(c) kri I si, kr2 + I S2f • • • , krn + I Sn 

is a solution. Similarly, if h, ( 2 , • • • , i^n is a third solution, 

(d) A; ri -f Z 5i -f m fi, kr2 + I S 2 + mt2, • • • , A; rn + Z Sn + m 
is a solution. 

Solution (c) is a linear combination of two particular solutions, and 
solution (d) is a linear combination of three particular solutions. In 
general: 
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A linear combination of a number of solviions is a solution. 

We illustrate these developments by reinterpreting the results ob- 
tained in § 2 for the system 

ai.Ti + + OiXz = 0, 

biXi + bzXi + bsXi = 0 . 

The general solution of the system in case r = 0, namely, 

Xi = k, X2 = If Xs = m, 

may be written in the form 

xi = k (1) + ^ (0) + m (0), 

:r2= A;( 0 ) +1(1) +m(0)f 
xz= k(0) + I (0) + m (1), 

and hence is an arbitrary linear combination of the three particular 
solutions 1, 0, 0; 0, 1 , 0; 0, 0, 1. It is to be noted that these particular 
solutions are not linearly dependent. 

In case r = 1, the general solution 

X\ a^ k a^ If X 2 k Ui, x^ I Oi, a\ 0, 

or 

xi - k ( — 02) + I ( — as), X2 — k (ai) + I ( 0 ), Xz= k( 0 ) + I (ai) 

is an arbitrary linear combination of the two particular solutions 
— 02 , Oi, 0 and — ag, 0 , Oi. Here, too, the particular solutions are 
linearly independent. 

Finally, if r = 2, the general solution 

Xi=^k\a2bz\f X2 = k\azbi\, Xz = k\aib2\ 

is a linear combination (multiple) of the particular solution la 263 f, 
I 03 61 1 , I Oi 62I . 

These results suggest the following proposition. 

Theorem 2. If the rank of a system of homogeneous linear equations 
in n unknowns is r, every solution of the system can be written as a linear 
combination of n — r linearly independent solutions. 

In each example cited, the set of solutions from which the general 
solution was formed by the process of linear combination was a special 
set of linearly independent solutions. As a matter of fact. Theorem 2 
remains true when any set of n — r linearly independent solutions iff 
employed. 
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Theorem 1. If a number set is a linear combination of m number 
setSy the m + 1 number sets are linearly dependent. 

The converse of the theorem is true. 


Theorem 2. If certain number sets are linearly dependent, at least 
one set among them is a linear combination of the others. 

Consider, say, equations (7) of § 3, expressing the linear dependence 
of the number triples oi, Ua*, &i, ^> 2 , bz) Cj, C 2 , Cz\ di, da, da. Of the 
constants of dependence A, B,C, D, at least one is not zero. Suppose 
that Z) 9^ 0. Equations (7) may, then, be solved for di, d2, da, and 
the triple of d’s is thus obtained as a linear combination of the other 
three triples. 

EXERCISES 


1 . Show that 


fll 

3 oi 

— Cl 

Cl 


02 

3 02 

— C2 

C 2 

= 0. 

03 

3aa 

~ Cs 

C 3 



2 . Prove that, if one column, or row, of a determinant is a linear combination 
of two or more columns, or rows, the value of the determinant is zero. 

3. Prove that, if the sum of the elements in each colurni^ or row, of a deter- 
minant is zero, the determinant is zero. 


5. Homogeneous Linear Equations. Conclusion. 

Th^eorem 1 . If ri, r 2 , • • • , rn and Si, 62 , • • • , Sn are two solutions of a 
system of homogeneous linear equations in n unknowns, Xi, • • • , Xn, 
then 

(a) kri, kr^, •••, /ern, 

n + Si, r2 + §2, • • • , rn + Sn, 

where k is arbitrary, are also solulions. 

The proof of the theorem is left to the reader. From it follows that, 
if ri, r 2 , ••• , Tn and Si, so, •••, Sn are solutions, kr\, kr^, •••, kvn and 
I Si, ls 2 , • • • , / Sn arc solutions, and therefore 

(c) kri + I si, kr2 + I S 2 , • • • , krn + I Sn 

is a solution. Similarl}", if < 2 , • • • , in is a third solution, 

(d) A: fi + ^ Si + m fi, k r2 1 S 2 A- m tz, • • • , A; rn -j- Z Sn -f- m fn 

is a solution. 

Solution (c) is a linear combination of tw’o particular solutions, and 
solution (d) is a linear combination of three particular solutions. In 
general: 
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A linear combination of a number of soliUions ia a solution. 

We illustrate these developments by reinterpreting the results ob- 
tained in § 2 for the system 

aiXi + 02X2 + 03X9 = 0 , 

biXi + 62X2 + bsXs = 0. 

The general solution of the system in case r = 0, namely, 

A', 01^2 If X3 ntj 

may be written in the form 

xi = k (1) + I (0) + m (0), 

X2 = k(0) -{- 1 (1) -f m (0), 

X3 = k(0) + I (0) + m (1), 

and hence is an arbitrary linear combination of the three particular 
solutions 1, 0, 0; 0, 1, 0; 0, 0, 1. It is to be noted that these particular 
solutions are not linearly dependent. 

In case r = 1, the general solution 

Xi = — a 2 A; — fla ^ X2 = k Ui, X3 = I Oi, ai 7^ 0 , 

or 

xi = A; ( — 02) + A ( — fla), X2 == k (ai) + I (0), Xs = A; (0) + A (ai) 

is an arbitrary linear combination of the two particular solutions 
— 02, ai, 0 and — aa, 0, ai. Here, too, the particular solutions are 
linearly independent. 

Finally, if r = 2, the general solution 

Xi = /c|o2h3|, X 2 =k\azhi\f X8 = A;]oi52l 

is a linear combination (multiple) of the particular solution | <12631, 

I <*3 61 1 , I Oi 62I . 

These results suggest the following proposition. 

Theorem 2. If the rank of a system of homogeneous linear equations 
in n unknowns is r, every solution of the system can be written as a linear 
combination of n ~~ r linearly independent solutions. / 

In each example cited, the set of solutions from which the general 
solution was formed by the process of linear combination was a special 
set of linearly independent solutions. As a matter of fact. Theorem 2 
remains true when any set of n — r linearly independent solutions iff 
employed. 
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EXERCISES 

1 . Prove Theorem 1 forn == 3. 

2. The rank of the matrix of the system of equations 

Xi •” X2 ”f" ^3 ^2 “1“ — 3x4 ~ 0> 3xj “ X 2 "f" 7x3 *“ ~ 0 

is two. Find the genet : i,l solution of the system, and show that it can be con- 
sidered its an arbitrary linear combination of two particular, linearly inde- 
pendent solutions. 

6. Determinants and Their Cofactors. The reader will recall that 
the minor of an element m in a determinant A is the determinant 
obtained from A by striking out the row and column in which m 
stands. He will also remember that, if m is in the fth row and jth 
column, the product 
( 1 ) 

consists of all the terms of A which contain in, and that the sum of the 
products of this type formed for all the elements of a row, or column, 
is equal to A. 

We shall find it convenient to attacdi the sign i)rcfixed to m9ll in 
(1) directly to the minor 9R itself and to give to the signed minor, 
(— a new name: cofactor. 

Definition. The cof actor, M, of the element m is the signed minor 
of m: 

ilf = (- 

It is now the product m M of an clement m by its cofactor M which 
consists of all the terms of A which contain the element. Hence; 

Theorem 1. The sum of the products of the elements of a row, or 
column, of a determinant hy their cof actors is equal to the determinant. 

Tiihokem 2. If each clement of a row, or column, of a determinant is 
multiplied hy the cofactor of the corresponding element of a different row, 
or column, the sum of the resulting products is zero. 

For a more intensive treatment of the subjects discussed in this 
chapter, the reader is referred to Boclier, Introduction to Higher AU 
gehra, Chs. II, III, IV. 

EXERCISES 

1 . The determinant obtained from a given determinant by replacing each 
clement by its cofactor is called the adjoint of the given determinant. If A 
is a determinant of the wth order and A' is its adjoint, show that 

(tt) if n =2, A' = A; (6) if n = 3, A' = A®. 

What is the value of A' in the general case? 
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2. If M is ike cof actor of an element m in a determinant A of the tUk order 
and {jL is the cofactor of M in the adjoint of A, then 


Verify this theorem (a) when n = 2; (h) when n = 3. 

3. A determinant is said to be symmetric if each two elements symmetrically 
situated with respect to the principal diagonal are equal. 

If a determinant is symmetric^ its adjoint is symmetric. 

Verify this theorem when n = 3. 

4. A determinant is said to be skew-symmetric if each element in the prin- 
cipal diagonal is zero, and each two elements symmetrically situated with 
respect to the principal diagonal are negatives of one another. 

A skewsymmetric determinant of odd order is always zero. 

Verify this theorem when n = 3. 

5. The product of two determinants of the nth order may be expressed as a 
determinant of the nth order in which the element in the iih row and jlh column is 
the sum of the products of the corresponding elements in the ith row of the first and 
the jth column of the second determinant. 

Verify this theorem in the case n 2: 


ill 02 


ai at 


aioti + a 2 ^i 

aiot2 “h Ua/Sa 

hi 62 


0, S, 


bidi + h‘iiii 

hiOCi h^2 



CHAPTER II 

GEOMETRICAL INTRODUCTION 

L Projections and Rigid Motions. Projective and Metric Proper- 
ties. The geometry of Euclid, with which the reader is familiar, 
concerns itself with lengths, angles, and areas; it is a geometry of 
measure, or a metric geometry. In contrast to it, there was developed 
about a hundred years ago a new kind of geometry, known as projective 
geometry, which has nothing to do with measurement. 

In order to understand the fundamental difference between the 
two kinds of geometry, we shall study, first, two corresponding kinds 
of operations, known as rigid motions and projections. 

Projection of a Line upon a Line. Let L and L' be two distinct lines 
in the same plane, and let 0 be a point of the plane not lying on either 
line. Let A, B, C, D, • • • be points of L, and let A', C", D', • • • 

be the points of V in which the lines OA, OB, OC, 02), • • • meet U. 
Then A', B', O', 2)', • • • are called the projections on U of the points 
A, B, 0, 2), • • • of L from the point 0, and the process described is 
known as the projection from 0 of the line L on the line L'. The 
point 0 is called the center of projection. 




Instead of using the lines through a point to effect the projection of 
L on U (Fig. 1), we can use the lines with a given direction (Fig. 2), 
provided merely that the direction chosen is distinct from those of 
L and U. In this case, the projection is called a parallel projection; 
in the previous case, a central projection. 

Projection of a Plane upon a Plane. Let p and p' be two distinct 
planes in space, and let 0 be a point in space not lying in either plane. 
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Fig. 3 


In the central projection from 0 of the plane p on the plane p', an 
arbitrary point P of p is projected into the point P' of p' in which 
the line OP meets the plane p' (Fig. 3). 

Again, let d be a direction in space not parallel to either of the planes 
p or p'. In the parallel projection, in the direction d, of p on p', an 
arbitrary point P of p is projected into the 
point P' of p' in which the line through P with 
direction d meets p'. 

A straight line L in p determines with 0 
(Fig. 3) a plane which intersects p' in a 
straight line L\ If a point P traces L, its 
projection P' traces L\ Hence a straight line 
projects by a central projection — and also by 
a parallel projection, as is readily seen — into a straight line. 

Evidently, points which are collinear, that is, lie on a line, project 
into points which are collinear; lines which are concurrent, that is, 
go through a point, project into lines which are concurrent; and a 
triangle projects into a triangle. 

The student is familiar with the fact that the plane sections of a 
cone of revolution are conics. This is also true of any cone obtained 
by joining the points of a conic with a point not in the plane of the 
conic, or of any cylinder obtained by drawing through the points of 
a conic parallel lines not lying in the plane of the conic. It follows, 
then, that a conic projects into a conic. 

We have enumerated various properties of figures which are un- 
changed by projections. These properties are known as projective 
properties. 

Definition. A property of a figure which is preserved by every 
projection is called a projective property. 


The following properties we have found to be projective: that a 
curve be a straight line; that a curve be a conic; that a point lie on a 
straight line; that a number of points be collinear; that a number of 
lines be concurrent; that a rectilinear figure be a triangle. , 

It is important to note that, in order that a property be projective, 
it must be preserved, not only by some projections, but by all pro- 
jections. For example, it is possible to find projections which carry 
a circle into a circle; but not every projection will do so. Hence the 
property that a curve be a circle is not a projective property. 
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Rigid Motions. Whenever we move an object from one place to 
another without in any way altering the object itself, we have sub- 
jected the object to a rigid motion. Thus, a rigid motion effects a 
change of the position of the object in space. 

The properties which we have enumerated as being projective are 
obviously preserved by rigid motions. In fact, every projective 
property is preserved by rigid motions. There are, however, many 
nonprojective properties which are unchanged by rigid motions, for 
example, distance, angle, and area. These properties arc called 
metric properties. 

Definition. A 'property which is preserved hy all rigid motions, hni 
not hy every projection, is a metric property. 

A circle is a metric figure, whereas the general conic is projective. 
Again, an isosceles triangle is metric; an arbitrary triangle, projective. 

Projective and Metric Theorems. Just as we have characterized 
properties as projective and metric, so also can we differentiate 
theorems. 

Definition. A theorem which deals merely with projective properties 
is a projective theorem. A theorem into which metric properties enter, 
either alone or in conjunction with projective properties, is a metric 
theorem. 

The Pythagorean theorem is a good example of a metric theorem. 
In fact, all the theorems of P^uclidean geometry arc metric. Euclidean 
geometry is a geometry of metric properties, or a metric geometry. 

Projective geometry deals merely with projective properties. It 
makes a study of these properties and seeks to establish relationships 
between them, in the form of theorems, in the same general way in 
which Euclidean geometry treats metric properties and sets up the- 
orems concerning them.* 

Geometries. The idea of classifying properties of figures according 
to the manner in which they behave when the figures are subjected to 
certain operations was conceived about fifty years ago by the German 
mathematician, Felix Klein (1849-1925). Our present discussion can 

* Though isolated projective theorems and theories existed before his time, 
the real founder of projective geometry was the French soldier, statesman, 
and mathematician, Poncelet (1789-1807). His principal work on the 
subject, TraiU des Proprictis Projectives des Figures, published in 1822, was 
developed during the years (1812-14) which he spent as a prisoner of war in 
a Russian prison. 
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be considered only a brief introduction to this idea. We shall seek 
later to develop it more precisely, and to extend its range of applica- 
tion. One thing, however, it has already taught us: There is not just 
one geometry. In fact, besides Euclidean geometry and projective 
geometry, there are, as we shall see later, numerous other geometries. 

EXERCISES 

1. Which of the following figures are projective? Which are metric? 

(a) A parallelogram; (6) an acute-angled triangle; (c) a figure consisting of 
four points, no three on a line, and the six lines joining them; (d) a triangle and 
a median line; (c) a parabola; (J) a conic and a number of points marked on it; 
(g) the same, when one of the points is a vertex of the conic; (/i) a line and a 
conic with two points in common. 

2. Show that the properly that a point be midway between two points is 
preserved by every parallel projection and by every central projection in which 
the two lines L and U are parallel. Is the property metric or projective? 

3. Prove that the property that a line be tangent to a curve is a projective 
property. 

2. Vanishing Points and Lines of Projections. In the central 
projection shown in Fig. 4, a point on L will fail to have a projection 
on Jj when the line joining it to O is parallel to L'. There is just 
one point V on L with this property. Sim- 
ilarly, there is one point on U which is not 
the projection of a point on L, the point W' 
in which U is met by the parallel to L 
through 0. 

When a point P on L approaches the 
point F as a limit, first from the one side 
and then from the other, its projection P' 
recedes on L' indefinitely, first in the one direction and then in the 
other. For this reason, V is known as the vanishing point on L. 
Similarly, W' is the vanishing point on L'. 

A point on L, other than F, projects into a definite point on L'; 
conversely, each point on L', other than IF', is the projection of a 
definite point on L. Hence, if we exclude F and TF', to each point 
on L corresponds one point on L', and to each point on U corresponds 
one point on L. We express these facts by saying that the projection i 
establishes a one-to^ne correspondence between the points of L, other 
than F, and the points of L', other than TF'. 
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In the central projection of Fig. 5, a line in p is a vanishing line^ 
that is, fails to have a projection on p\ when the plane determined 
by it and 0 is parallel to p'. There is a unique plane through 0 
parallel to p' and hence a unique vanishing 
line in p, the line V in which this plane meets 
p. Likewise, there is a single vanishing line, 
W\ in p'. 

The points of the vanishing lines are vanish- 
ing points, and the only vanishing points. 
For a point, say, in p is a vanishing point if 
5 and only if the line joining it to 0 is parallel 

to p'. But all the lines through 0 parallel 
to 7/ lie in the plane through 0 j)arallel to and the points in which 
they intersect p are precisely the points of V. 

The projection establishes a one-to-one correspondence between the 
points of the plane p, other than those on F, and the points of the 
plane p', other than those on W\ It also establishes a one-to-one 
correspondence between the lines of p, other than F, and the lines of 
p', other than TF'. 

In view of the foregoing discussion, we must qualify some of the 
statements made in the previous paragrai>h. We said there, for 
example, that a straight line projects into a straight line. This is 
true, in general. A vanishing line is, however, an exception, for it has 
no projection. Again, two intersecting lines neither of which is the 
vanishing line, project into two intersecting lines, not always, but only 
in general. They may, by exception, project into two parallel lines; 
see Ex. 3. 



EXERCISES 

1. Describe all the projections of one line upon another in which there are 
no vanishing points. 

2. Describe all the projections of one plane upon another in which there 
are no vanishing points. 

3. Prove that two lines in the plane p (Fig. 5) which intersect on the 
vanishing line project into two parallel lines. 

4 . A triangle projects in general into a triangle. What are the exceptions? 

3. Extensions of the Plane and of Space. Higher Geometry sets 
itself the task of devising means to dissolve exceptional cases such as 
those encountered in the preceding paragraph. It seeks, not to set the 
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exceptional cases aside — that is impossible — but to reshape its ideas 
BO that the exceptional cases will actually be embraced under the 
general cases, as particular instances of them. 

The exceptions of the previous paragraph can be traced to a single 
cause : the failure of two parallel lines to intersect. If we can remove 
this cause, the exceptions will be removed with it. 

If two parallel lines are to have a point in common, this point must 
be a new point, other than those with which we are familiar. We are 
certainly at liberty to create new points, if it pleases and benefits us. 
We agree, then, to conceive a new point common to the two parallel 
lines, and to call it their point of intersection. This new point is an 
ideal point in that it has no real existence in the sense that the points 
with which we arc familiar may be said to have. It is customary, for 
obvious reasons, to call it a point at infinity. 

The rails of a straight railroad track appear to converge in both 
directions. Shall we then conceive two points at infinity on our 
parallel lines, one for each direction? 

The question is not whether we can or cannot, but whether it would 
serve our purpose. It obviously would not, for then we should have 
the two lines intersecting, not in one point, but in two points, and two 
intersections are as unwelcome as none. 

In the central projection of Fig. 4, we should naturally make cor- 
respond to the i)oint F on L the point or points at infinity on L', and 
if we conceived two points at infinity on L', to V would correspond two 
points. Here, again, two are as bad as none, for the projection orders 
to each point on L, other than F, just one point of L'. 

On each line it is conven ient to create just one ideal point. 

It is natural to think of the points at infinity on all the lines with a 
given direction as the same point, and to call this point the point at 
infinity in the given direction. 

Let us now summarize the results of our discussion. 

Agreement 1. Corresponding to each set of lines consisting of all the 
lines with a given direction, there is created an ideal point, or^ point at 
infinity. This point shall he thought of as lying on each line of the set 
and on no other line. It shall he known as the point at infinity in the 
given direction. 

Inasmuch as there are infinitely many directions in the plane, there 
are infinitely many ideal points. It is natural to think of these points 
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as constituting a curve. But what type of curve? A circle? An 
ellipse? Or what? 

Once more the choice is in our hands. Wc created th« ideal points, 
and it is for us to say what they shall constitute. 

We have seen that in a central projection a vanishing point projects 
into a point at infinity. In the projection of Fig. 5, the vanishing 
points in the plane p project into the points at infinity in the plane p'. 
The vanishing points in p constitute the vanishing line F, and every 
line other than V projects into a line. C Consequently, it serves our 
purpose to agree that the points at infinity in the plane p' constitute 
a line. 

Agreement 2, The ideal points in a plane shall constitute an ideal 
straight line, the line at infinity in the plane. 

To distinguish the points and lines originally at our disposal from 
the newly created ones, wc shall call them finite points and lines. 
Similarly, we shall call the original plane the finite plane. The new 
plarKi, obtained by adjoining to the finite points the ideal points, 
shall be known as the extended plane. 

Extended Space. The extension of finite space by the adjunction of 
points at infinity is effected by the following agreements. 

Agreement 3. Corresponding to each direction in finite space f there 
is created a point at infinity. This point shall be thought of as lying on 
every line in the given direction and on no other finite line. 

Agreement 4. points at infinity in the directions perpendicular 

to a given direction shall constitute an ideal linCj or line at infinity. This 
linCy and, the points on it, shall be thought of as lying in every plane per-- 
pendic'idar to the given direction and in no other finite plane. 

Agreement 5. All the points at infinity shall constitute an ideal 
pla,7ic, the plane at infinity. 

It is evident that these agreements are in keejung with the previous 
agreements for the extension of a finite plane wdiich lies in the given 
space. 

The Suppression of Exceptions. It w\as in the finite domain that 
exceptional cases arose. In the extended domain, these exceptions 
can all be suppressed in that they can be looked upon as merely par- 
ticular instances of the general case. 

For example, hitherto the case of parallel projection was exceptional 
to that of central projection; now, parallel projection is sim])ly a par- 
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ticular case of central projection, occurring when the center of pro- 
jection is an ideal point. 

Again, a triangle now projects always into a triangle, provided 
merely that we agree to extend the definition of a triangle to include 
the cases in which one or two of the vertices are points at infinity. 

EXERCISES 

1. Prove that a projection of a line L on a line 1/ establishes a one-to-one 
correspondence, vnihout exception^ between the points of the extended line L 
and those of the extended line L\ (a) when there are vanishing points on L 
and L'; (b) when there are no vanishing points on L and L\ 

2. Discuss the corresponding questions in the case of the projection of a 
plane upon a plane. 

4. The Triangle Theorem of Desargues.* We arc now in a position 
to prove one of the oldest and most important theorems of projective 
geometry. 

Let ABC and A'B'C' be two triangles in correspondence so that the 
vertices A and A', B and B', C and C' correspond; likewise, the sides 
BC and B'C\ CA and C'A', AB and A^B\ Assume that each two 
corresponding sides and each two corresponding vertices are distinct. 

Desargues’ TRrAN(?LE Theorem. Jf the lines joining corresponding 
vertices of the two triangles are concurrent, the corresponding sides 
intersect in collinear points. Conversely, if corresponding sides intersect 
in collinear points, the lines joining corresponding vertices are concurrent.] 

We consider, first, the case in which the 
triangles ABC and A'B'C' lie in distinct 
planes, p and p' (Fig. 6). If the lines joining 
corresponding vertices go through a point 0, 
finite or ideal, then two corresponding sides 
lie in a plane through 0, and hence intersect. 

The point of intersection, being a point in 
both the planes p and p', must lie on the line 
L in which these j)lanes meet. Conse- 
quently, the pairs of corresponding sides in- 
tersect in points on L. 

* Desargues (1 593-1 G62), a P'rench architect, and a geometer of unusual 
ability, whose work was far ahead of his time. His triangle theorem appeared 
in a small book on conic sections, in 1639. 

t In projective geometry, the sides of a triangle are not segments of straight 
lines, but complete straight lines. Hence there is no mention here of producing 
a side of the one triangle to meet a side of the other. 
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Conversely, if the pairs of corresponding sides c| the two triangles 
intersect, then each two corresponding sides lie in a plane* The 
three planes thus obtained meet in a point O. On the other hand, the 
three lines in which the planes intersect, when taken in pairs, are 
evidently, AA\ BB\ CC'. Hence AA\ BB\ CC' pass through 0. 

Let ABC and A'B'C' now be two triangles so situated in the same 
plane p that corresponding sides intersect in points of a line L. 
Through these points in a second plane through L draw lines forming 
a third triangle as shown in Fig. 7. Then ABC and 

y' are triangles in different 

planes whose correspond- 
ing sides meet in collinear 
points. Hence the lines 
joining corresponding ver- 
tices, AA'\ BB'\ CC", 
meet in a point F. Sim- 
ilarly, the lines A' A", 
B'B", C'C" meet in a 
point F'. Inasmuch as 
the lines AA" and A'A" 
contain, respectively, the 
Fig. 7 points V and F', the plane 

A A' A" contains the line 
FF', So also do the planes BB'B" and CC'C". Thus the planes 
A A' A", BB'B", CC'C" pass through a line. Therefore the lines in 
which they intersect the plane p go through a point. But these lines 
are precisely AA\ BB\ CC% the lines joining corresponding vertices 
of the given triangles. 

Suppose, conversely, that the lines AA\ BB', CC' go through a 
point, 0. Choose two distinct points F, F' outside the plane p and 
collinear with 0. Then, since the lines A A' and FF' intersect, in 0, 
the lines AV and .4'F' intersect in a point A". By similar reasoning 
BV and i?'F' intersect, in B", and CV and C"F' intersect, in C", 
Inasmuch as the points A"B"C" lie, respectively, on the lines VA, 
VB, FC, they are the vertices of a triangle which is related to the 
triangle ABC by projection from F. Similarly, this triangle A"B"C" 
is related to the triangle A'B'C' by projection from F'. Consequently, 
the sides of each of the given triangles must pass through the points 
in which the corresponding sides of the triangle A"B"C" meet the 
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plane p. But these three points lie on a line, the line L in which the 
plane A"B"C" intersects p. Thus, corresponding sides of the given 
triangles intersect on L. 

Henceforth, unless the contrary is explicitly stated, we shall restrict 
ourselves to the geometry of the plane. 

Exercise. The treatment of Desargues* Theorem in the text is in the 
extended domain. Give a complete statement of the theorem in the finite 
domain, taking care to enumerate all the exceptional cases. Select one of 
these exceptional cases, and show that it is actually covered by the treatment 
in the text. 

5, Complete Quadrangles and Quadrilaterals. 

Definition. A complete quadrangle consists of four points^ no three 
collinear, and the six lines which join them. 

The four points are called the vertices, and the six lines, the sides, 
of the complete quadrangle. 

Definition. A complete quadrilateral consists of four lines, no three 
concurrent, and the six points in which they intersect. 

The four lines are called the sides, and the six points, the vertices, 
of the complete quadrilateral. 

By means of Dcsargues^ Triangle Theorem we can deduce a number 
of projective theorems concerning complete quadrangles and quadri- 
laterals. 

Theorem 1. If the points of intersection of five pairs of correspond- 
ing * sides of two complete quadrangles lie on a line, the sides of the sixth 
pair intersect on this line, and the four lines joining corresponding vertices 
go through a point. 

Let the two quadrangles be ABCD and 
and let CD and C'Z>' be the 
sixth pair of sides (Fig. 8). Since the 
corresponding sides of the triangles ABC 
and A^B'C^ intersect in points on the 
line L, the lines AA', BB', CC' are con- 
current. Similarly, A A', BB', DD* are 
concurrent. It follows that A A', BB', 

CC', DD' all go through the same point, 

* It is assumed that the two quadrangles are in a correspondence similar to 
that of the two triangles in Desargues' Theorem. 
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the point common to A A' and BB'* Moreover, inasmuch as we now 
know that the lines joining corresponding vertices of the triangles ACD 
and A'C'D^ are concurrent, it follows that CD and C"D' intersect on L. 

The converse of the theorem is not true. We have, instead: 

Theorem 2. If the lines joining corresponding vertices of two com-- 
plete quadrangles are concurrenty the six points of intersection of the 
pairs of corresponding sides lie by threes on four lines and are then^ in 
generalf the vertices of a complete quadrilateral. 

The proof of the theorem is left to the reader. 

6. The Principle of Duality. The principle which bears this name 
is of paramount importance in projective geometry. 

Definition 1, Point and line are called dual elements. 

Definition 2. The drawing of a line through a point and the marking 
of a point on a line are known as dual operations. 

We should, then, say that the drawing of two lines through a point 
and the marking of two points on a line, or the bringing of two lines to 
intersect in a point and the joining of two points by a line, are also 
dual operations. 

The two figures thus obtained, namely, the figure of two lines 
through a point and that of two points on a line, w^e shall call dual 
figures. 

Definition 3. Two figures consisting of points and lines shall he 
called diuil if one figure can be obtained from the other by replacing each 
element in it by the dual element and each operation by the dual operation. 

The dual of a complete quadrangle is a complete quadrilateral, and 
vice versa. A complete quadrangle is formed by taking four points, 
no three on a line, and joining them in pairs by lines. The dual figure 
is obtained by taking four lines, no three through a point, and bringing 
them to intersect in pairs, and is,. therefore, a complete quadrilateral. 

From Definition 2, it is clear that the figure of a line and a point on 
it is dual to itself, or self-dual. 

* The reasoning here is invalid if AA' and BB' are the same line. However, 
since the reasoning is always valid as long as A A' and BB' are distinct lines, 
the conclusion is assured, by continuity, when AA' and BB' coincide. For, 
two fixed quadrangles so situated that A A' and BB' are identical can be 
considered as the limits of two variable quadrangles for which A A' and BB' 
are always distinct; and, if the conclusion in question can always be drawn 
for the variable quadrangles, it remains valid in the limit for the fixed quad- 
rangles. 
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If we think of a triangle as formed by three noncollinear points and 
the lines joining them, the dual consists of three nonconcurrent lines 
and their points of intersection, a triangle. Thus a triangle is self- 
dual. 

Let us now construct the dual of the figure representing Desargues* 
Theorem, and at the same time dualize the facts of the theorem itself. 
The duals of the two triangles are two new triangles. Dual to bringing 
two corresponding sides of the one pair of triangles to intersect in a 
point is the joining of two corresponding vertices of the other pair of 
triangles by a line. Consequently, the dual of the fact that corre- 
sponding sides of the one pair of triangles intersect in collinear points 
is the fact that the corresponding vertices of the other pair of triangles 
lie on concurrent lines. Hence, the hypothesis and the conclusion of 
the direct theorem of Desargues have, respectively, as their duals, the 
hypothesis and the conclusion of the converse. We express these facts 
by saying that the direct and converse theorems are dual theorems, or 
that Desargues’ Theorem, as a whole, is self-dual. 

Just as we have dualized Desargues’ Theorem, so we can dualize 
many other theorems. Thus the dual of Theorem 1, § 5 is: 

Theorem 1. If the Imes joining five pairs of corresponding vertices 
of two complete quadrilaterals go through a pointy the line joining the 
sixth pair goes through this pointy and the four points of intersection of the 
corresponding sides lie on a line. 

Of course it still remains to show that this is a true theorem. 

Remark, The figures and properties which we have been able to 
dualize, on the basis of our definitions, arc all projective. Thus the 
principle of duality is peculiar to projective geometry. It has no 
analog in metric geometry. There is, for example, no possible basis 
for dualizing a circle, or a line-segment of length two, or an angle of 
30°.* 


EXERCISES 

1. Describe and draw the dual of a complete five-point: five points, no three 
collinear and the lines which join them, / 

* The idea of duality was exploited by Poncelet in his systematic use of the 
theory of poles and polars, a theory in which dual figures correspond to one 
another. The first independent statement of the principle of duality was 
given by Gergonne in 18^ 
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2. Draw the figures dual to the following figures. 

3. Prove Theorem 1. 

4. State and prove the dual of Theorem 2, § 5. 

5 . Two vertices of a complete quadrilateral which do not lie on a side of 
the quadrilateral arc called opposite vertices ^ and the line joining them is known 
as a diagonal. What are the dual definitions, of opposite sides and diagonal 
points^ for a complete quadrangle? Draw figures. 

6 . If the vertices of a complete quadrangle lie on the sides of a complete 
quadrilateral so that two opposite sides of the quadrangle are concurrent with 
two diagonals of the quadrilateral, then two opposite vertices of the quadri- 
lateral are collinear with two diagonal points of the quadrangle. Prove this 
theorem and state the dual. How is the dual related to the theorem? 




CHAPTER III 


HOMOGENEOUS CARTESIAN COORDINATES. LINEAR 
DEPENDENCE OF POINTS AND LINES 

1. Homogeneous Cartesian Coordinates. In order to take full 
advantage of the points at infinity, we need coordinates for them. 
These are not to be obtained in the usual system of Cartesian coordi- 
nates, since every pair of numbers (x, y) has already been assigned as 
coordinates to a finite point. We arc thus led to introduce a new 
coordinate system. 

The new coordinates we shall call homogeneous (Cartesian) coor- 
dinates. We define them first for finite points in terms of the old, or 
nonhomogeneous (Cartesian) coordinates. 

Definition. Homogeneous coordinates (ji, 0:2, Xi) of the finite 
point (x, y) are any three numbers Xu x^^ x^for which 

X\ X2 

- = X, — = 2 /. 

Xs x^ 

Sets of homogeneous coordinates of (x, y) are (x, y, 1), 
( — 3 X, — 3 2/, — 3), and (r x, r t/, r), where r is any number, not zero. 

A finite point has, then, infinitely many sets of homogeneous coor- 
dinates; each two sets arc proportional, and the third coordinate of 
every set is different from zero. Conversely, any three numbers, the 

third of which is not zero, arc homogeneous coordinates of a definite 
finite point, namely, the point x = xi/xs, y = X2/X3. Thus (3, — 2, 4) 
are homogeneous coordinates of the point (3/4, — 1/2). 

Corresponding, therefore, to the finite points, we have as coordinates 
all the number triples (xi, X2, X3) for which X3 9 ^ 0. There remain the 
triples (xi, X2, 0). We hope to be able to assign them as coordinates to 
the points at infinity. 

Suppose we fix our attention on the point at infinity in the direction 
whose slope is X. An arbitrary line L through this point, that is, an 
arbitrary line of slope X, has the equation 

2/ = Xx + 6. 


29 



30 


HIGHER GEOMETRY 



Let the variable point P: (x, y) recede indefinitely on L in either 
direction. If, then, homogeneous coordinates of P can be found 
which have limits which are independent of b, that is, independent of 
the particular line of slope X chosen, these 
limits are reasonable homogeneous coordinates 
to assign to the point at infinity. 

Nonliomogeneous coordinates of P are 
(x, Xx -|- h) . Wlien a: becomes positively infinite, 
P recedes indefinitely on L in the one direc- 
tion, and when x becomes negatively infinite, 
P recedes indefinitely in the oilier direction. 

A set of homogeneous coordinates of P is (.r, X:r + ?;, 1). Here the 
first two coordinates become infinite with x. Considtjr, however, the 
set (1, X + (/)//)> lA)- When x becomes infinite, positively or 
negatively, these coordinates actually have limits (1, X, 0) which are 
independent of h. 

Accordingly, we assign to the point at infinitj^ in the direction of 
slope X the sots of homogeneous coordinates (r, r X, 0), whore r is any 
number, not zero. 

Definition. Any number triple (.ri, x^^ 0) for which 


- = X 

Xi 

constitntes a set of homogeneous coordinates of the point at infinity in the 
direction of slope X.* 

We have now given to all the points of the extended plane homo- 
geneous coordinates, and have thereby exhausted all triples save one: 
(0, 0, 0). We agree not to use this triple at all.t 

Equation in Homogeneous Coordinates of a Straight Line, If, in the 
equation 

(1) aix -I- + as = 0 

of a straight line L, we set for x and y 


Xi 

X = — y 
Xz 


Xi 

Xz 


* This definition and the previous discussion do not cover the point at in- 
finity in the direction of the i/-axis. We leave this case to the studtnt. 

t Homogeneous Cartesian coordinates were introduced in 1835 by the Ger- 
man geometer and physicist, PJuecker (1801-68). Hie line at infinity and 
points at infinity had already been employed systematically by Poncelet. 
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and multiply by we obtain the equation 

(2) ttiXi + a2X2 + azXz = 0. 

Equation (2) is the equation in homogeneous coordinates of the 
line L. For, it is evidently satisfied by the homogeneous coordinates 
of those and only those finite points which lie on L, and the coordinates 
of an ideal point P satisfy it if and only if P is the point at infinity 
on L; see Ex. 4. 

Since the point (xi, X 2 , Xz) is an ideal point if and only if xa = 0 
the equation 

(3) xs = 0 

is the equation of the line at infinity. 

Equation (1) represents a straight line only if ai and are not both 
zero. But equation (2) always represents a straight line, provided 
only that ai, a 2 , ua are not all zero. In particular, if ai = 02 = 0, the 
line is the ideal line. 

Equation (2) is not merely linear in Xi, X 2 , Xs; it is also homogeneous 
in Xi, X 2 , Xa. It is from this fact that the homogeneous coordinates 
take their name. 


EXERCISES 

1. Find the homogeneous coordinates of the following points; first give all 
sets and then choose a simple set. 

(a) (0, 0); (6) (-- 2, 3); (c) (f, g); (d) (0, 1); 

(c) the point at infinity in the direction of slope 3/4; 

(/) the point at infinity in the direction of tlie y-axis. 

2. Identify the following points, giving the nonhomogeneous coordinates 
when they exist. 

(a) (2, 4, - 1); (b) (3, 4, 2); (r) (2, 1, 0); (d) (0, 1, 0). 

3. What does each of the following equations represent? 

(a) Xi + X2 — 4 X3 = 0; (6) Xi H- 2 X2 = 0; (c) xz — 3 Xa = 0. 

4. Show that the coordinates of an ideal jHjint P satisfy equation (2) if and 
only if the point is the point at infinity on the line L. 


2. Applications to Points and Straight Lines. 

Theorem 1 a. The two 'points (ai, 02, az), (fei, 62, ha) ore identical 
if and only if 


az 

az 

= 0 , 

az 

a. 


&> 


63 

61 


ai az 

b\ hz 


^ 0 . 
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Tbeobem 1 b. 

( 1 ) 


The two straight lines, 

aiXi -h a2X2 + ctzXa = 0, 
biXi + 62X2 H- bsXz = 0, 


are identical if and 
as 

62 bs 

These theorems are an immediate consequence of the fact that the 
two points, or the two lines, are the same when and only when the 
two number triples ai, as, as and bi, bs, bs are proportional j see Ch. I, 
§ 3, Th. 2. 

Theorem 2 a. Homogeneous coordinates of the point of intersection 
of the two distinct lines (1) are 


only if 

- 0 , 


as ai 
bs &i 


= 0 , 


a\ as 
bi bs 


= 0. 


(2) 


as as 



as ai 



ay as 



For, by Ch. I, § 2, one simultaneous solution of equations (1) is 
given by (2), and every other solution is proportional to this solution. 

The point of intersection (2) of the two lines (1) lies on a third line, 

C\Xi 4” CsXs + CsXs = 0, 

if and only if 

CI 2 ^3 

bs bs 
or 

|a6c| = 0. 

Theorem 3 o. Three lines are concurrent if and only if the determinant 
of the coefficients in their equations has the value zero. 

We give a second proof. The three lines have a point in common 
when and only when their three equations have a simultaneous 
solution other than Xi — 0, Xs =0, Xs = 0; (0, 0, 0) are not coor- 
dinates of a point. But a necessary and sufficient condition that the 
three equations have a solution other than 0, 0, 0 is that the deter- 
minant of the coefficients vanish. 

Theorem 2b. An equation of the line joining the distinct points 
(ai, a 2 , as) and {by, bs, bs) is 
13) \x a b\ = 0. 

An equation of the line must be of the form 

TyXy -f rsXs + rsX^ = 0. 


Cl -4- 


as ay 

bs by 


Cs -f* 


fll ^2 

61 bs 


Cs = 0, 
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Since (ai, aa, clz ) and (6i, 62, 63) lie on the line, 

aiTi + + ct8»*8 = 0, 

hiri + ^ 2^2 + = 0 . 


These equations in ri, ra, rs are the same as equations (1) in xi, X 2 , X 9 . 
Hence a set of values for ri, ra, ra is given by (2), and an equation of 
the line is 


aa 



as 

^3 



ai 

bi 



0 , 


or 


|a; a 6| = 0. 


Theorem 3 6. Three points are collinear if and only if the determinant 
of their homogeneous coordinates vanishes. 

For, a third point (ci, ca, ca) lies on the line (3) if and only if 
jca6| = 0, or \abc\ =0.* 

Cyclic Order and Advancement. The determinants in (2) are the 
two-rowed determinants formed from the matrix 


ai 

ai 

U3 

bx 

bi 

bi 


The columns of the matrix appearing in the three determinants are 
respectively the columns 2 3, 31, 12. 

We have here an example of what is known as cyclic 
order. If the numbers 1, 2, 3 are distributed on a circle 
(Fig. 2), and the circle is traversed in the direction of 
the arrow, the pairs of numbers occur precisely in the 
orders 2 3,31, 12. 

When we proceed on the circle in the direction of the arrow, 1 
advances to 2, 2 to 3, and 3 to 1. If, in the first of the equations (2), 
we advance all the subscripts cyclicly in this manner, the result is the 
second equation. Similarly, if the subscripts in the second equation 
are advanced cyclicly, the third equation is obtained. Hence, to 
write all three equations, we have but to know the first. 



Fig. 2 


EXERCISES 

1 . Find the coordinates of the point of intersection of each of the following 
pairs of lines: 

(a) 2 a;i — 3 x 2 + 4xa ~ 0 , xi -f a 72 + a;a =* 0 ; 

(&) 4 Xi + 6 X 2 -h X 3 = 0, 2 Xi + 3 Xa — 2 xa — 0. 

* The proof assumes that at least two of the points are distinct. The the- 
orem is true, however, if all throe points coincide; for then, on the one hand, 
\ahc\ — 0, and, on the other, there is a line through the three points. Similar 
remarks apply to the first proof of Theorem 3 a. 
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2. Find the equation of the line joining the points 

(a) (1, - 1, 2), (0, 1, 4); (6) (4, 1, - 2), (1, 1, 0). 

3. Are the lines 

— aig — xa * 0, 2 a;i + X2 + 3 ajs = 0, 7 Xi — 0^2 + 3 Xa = 0 

concurrent? If so, find their common point. 

4. Are the points (2, 3, 1), (5, — 2, 2), (1, — 8, 0) collinear? 

5. Check analytically the fact that two finite lines intersect in a point at 
infinity if and only if they are parallel. 

6. Deduce from Th. 2 6a determinant form of the etpiation in nonhomo- 
geneous coordinates of the line joining the distinct points (xi, ?/0, (x^, 7/2). 

7. Prove that two finite points (ai, 0-2, (61, 62, 63) are identical if and 

only if a263 — a-M = 0, a^hi — aih^ = 0. 

3. Abridged Notation. In the calculus, it is commc3n practice to 

demote functions by simple symbols, for example, the function 
a;2 _j_ 2^2 __ 1 Qf variables x, y by /(x, y)\ 

fix, y) = _ 1. 

It is convenient to carry over this practice to geometry. Here we 
are interested not so much in the function as in the locus of the equa- 
tion obtained by equating the function to zero. Thus, /(x, y) = 0, 
or, more briefly, / = 0, is a short or abridged notation for the equation 

2;2 _j_ 2/2 — 1 = 0 

of the unit circle. 

Similarly, a(.ri, .r2, X3) = 0, or = 0, where 

Oi(x\, X2, xz) = aiXi + a2X2 + asXa, 

is the equation in homogeneous coordinates of a straight line. 

The relation p(.ro, //o) = 0 expresses the fact that the value of the 
function p{x, y) for x == Xo, y = ?/o is zero, or that the point (xo, yo) 

lies on the locus wliose equation is p(.r, y) = 0. Thus, /(I, 0) = 0 

expresses the fact that the point (I, 0) lies on the unit circle /(x, '^) = 0.* 

4. Linear Combination of Two Straight Lines. Pencils of Lines. 
Let 

a = 0, a(ji, X2, Xs) = aiXi + ( 1 - 2 X 2 + a^Xs, 

= 0, j9(xi, X2, xz) = 61X1 + 1)2X2 + bzxz, 

be two distinct straight lines and form the equation 

/:a + Z/3 = 0, 

* The method of abridged notation, though employed earlier, was a favorite 
with Pluecker and came into prominence through his systematic use of it. 
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that is, 

(A; fli + Z 6i)a:i + (A; 02 4 " Z + (A; oa + Z 6i)a;8 = 0 , 

where k and Z are constants, not both zero. 

The coefficients of xi^ X2, x^ in this equation cannot all vanish; for, 
if they were all zero, the number triples oi, Oa, 03 and 61, Z>2, 63 would 
be proportional (Ch. I, § 3 , Th. 2) and the lines a = 0 and ^ = 0 
would not be distinct. The equation represents, therefore, a straight 
line. This line is called a linear combination of the given lines, 

Theokem 1. A linear combination of two distinct straight lines is a 
straight line passing through their point of intersection. 

If (ri, ra, rs) is the point common to the lines ck = 0 and = 0, 

aO’i, ro, 7-3) = 0, / 3 (ri, ra, rs) = 0. 

Therefore, no matter what values k and I have, 

kair^, r2, ra) + iP(ri, r-i, r^) = 0. 

Hence (ri, r2, ra) also lies on the line Aja + ZjS — 0. 

Theokem 2 . Any straight line passing through the point of inter* 
section of two distinct lines can be expressed as a linear combination of 
the two lines. 

Let L be the given line through the point P common to a = 0 
and jS = 0, and let (.si, -So, .S3) be a point of L other than P. Since tlie 
line A: a 4- ZjS = 0 goes through P, it will coincide with L if it contains 
the point (.sj, S2, S3), that is, if 

ka(si, S 2 j .93) 4 - -^ 2 , Si) = 0 . 

This is an equation in A; and Z; a(si, S2, sA and 80, iJs) arc con- 
stants. One solution is k = ^(si, 82, .93), I = ~ aOsi, S2, 53); and for 
these values of Ic and /, A; a 4- / = 0 represents L. 

Example, Let it be required to find the equation of the line join- 
ing the point (2, 1, 1) to the point of intersection of the lines 

2 aji — 3 0:2 + X3 = 0 , 5 xj — 3 0^2 — 2 X3 = 0 , 

f 

The linear combination of the given lines, 

A; (2 xi — 3 X2 4- iCa) 4 - Z ( 5 xi — 3 0:2 — 2 X3) = 0 , 

contains the point ( 2 , 1 , 1) if 2 A; 4“ ~ 0 , or A: = 5 , Z = — 2 , 

Thus the required line is found to have the equation ^2 — o-i = 0. 
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Pencils of Lines, The totality of lines through a point, finite or 
ideal, is known as a pencil of lines. The point is called the vertex of 
the pencil. 

From Theorems 1 and 2 we have; 

Theorem 3. If a = 0 and 0=0 are distinct straight lines, the 
totality of lines represented by the equation ka -{■ 10 = 0, when k, I take 
on all possible pairs of values other than 0, 0, is the pencil of lines having 
the point of intersection of a = 0 and 0 = 0 as vertex, 

EXERCISES 

1. Find the equation of the straight line which passes through the origin 
and the point of intersection of the lines 

3a: + 22 / + l=0, 4a: — ?/ — 2=0. 

Do twice, once using homogeneous coordinates and once using nonhomo- 
geneous coordinates.* 

2. Find the equation of the straight line which passes through the point of 
intersection of the lines 

2xi 5^2 — ajg = 0, 3a:i + 2x2 — 4a:3 *= 0 
and is parallel to the axis of x. 

3 . Find the equation of the straight line which passes through the point of 
intersection of the lines of Ex. 2 , and is perpendicular to the first of the lines 
in Ex. 1. 

4 . What linear combination of the two parallel lines 

6 xi — 9x2 + 2 x 8 = 0 , 4 xi — 6 x 2 — 3x3 = 0 

is the line at infinity? 

5 . Find the equation of the straight line parallel to the lines of Ex. 4, and 
going through the point (2, 3, — 2), 

6. If a = 0 is a finite line and ^ = 0 is the line at infinity, what can you say 

of the pencil of lines /c a -f / = 0? 

7 . What does each of the following equations represent, if k and I are arbi- 
tniry constants? 

(a) k (3 Xi -j~ 5 X3) + Z X3 = 0; (b) kx — ly = 0. 

5 . Linear Dependence of Straight Lines. If a function /(xi, xj, xs) 
of Xi, X2, X3 has the value zero for all sets of values of Xi, xa, X3, the 
function is said to be identically zero:/(xi, X2, Xs) = 0. 

* The theory of linear combination of two straight lines remains essentially 
the same when the homogeneous coordinates are replaced by nonhomogeneous 
coordinates; see Analytic Geometry, Ch. IX, § 3. 



LINEAR DEPENDENCE OF POINTS AND LINES 37 


Lemma. If A\X\ + A 2X2 + A^xz vanishes identically: 

A\Xi + A2X2 + AsaJs ^ 0 , 
then Ai = 0, A2 = 0, Aa = 0. 

For, since AiXi + A2a:2 + AzXz vanishes for all sets of values of 
Xif X2f xz, it vanishes for .Ti =1, Xz — 0, xz = 0; hence Ai == 0. 
Similarly, Ai = 0, and A3 = 0. 

Definition. The two lines 

( 1 ) a = aixi + a>2X2 + a^xz = 0 , /5 = biXi + 1 ) 2 X 2 + bzXz = 0 

are linearly dependent if and only if two constants k, I, not both zero, 
exist so that ka + Ifi vanishes for all sets of values of Xi^ Xzt x^: 

(2) ka + lfi = 0 . 

Since 

ka + ip = (kai + I bi)xi + (k az + 1 62)2:2 + (k az + I bz)xz, 
it follows that ka + Ip vanishes identically if and only if 

(3) A: Ui 4" 61 = 0, k az "jr I hz — Of k az Ihz ^ 0. 

The existence of k^ 1 ^ not both zero, so that equations (3) are satisfied 
is precisely the condition that the sets of coefficients Ui, 02, az and 
61, 62, 63 in the equations of the lines be linearly dependent; see Ch, X, 
§ 3. But then the lines are identical, and conversely. 

Theorem 1. Two lines are linearly dependent if and only if they are 
identical. 

The definition of linear dependence for any number of lines is similar 
to that for two lines. Thus, the three lines, 

a = aiXi + azXz + azXz = 0, 

(4) P = biXi + bzXz H- bzxz = 0; 

7 = cixi + C2X2 + c^xz = 0 , 

are linearly dependent, if and only if three constants k, Z, m, not all 
zero, exist so that 

(5) ka + IP Of 

or, what is the same thing, so that 

A; ai + Z 61 + ??i Cl = 0, 
kaz + I bz + mc2 = 0 , 
k az 4" Z 63 -i- 7 n c 8 — 0. 


( 6 ) 



38 


HIGHER GEOMETRY 


Equations (6) have a solution for A;, Z, m, other than 0, 0, 0, if and 
only if |a6c| = 0. By § 2, Th. 3a, this is precisely a condition 
necessary and sufficient that the lines (4) be concurrent. 

Theorem 2. Three lines are linearly dependent if and only if they 
are concurrent. 

We give a second proof, based on identities. Assume that A;, Z, m, 
not all zero, exist so that the identity (5) holds, and suppose, for 
example, that m 9^ 0, Then 


This identity states that the line 7 = 0 is the same line as 

— — a — ^/3 = 0, or ka + I = 0, 
m m 

Hence 7 = 0 passes through the point of intersection of a = 0 and 
P = 0, if they are distinct, and is identical with them if they coincide. 

Conversely, let a = 0, /3 = 0, 7 = 0 be concurrent. If a = 0 
and = 0 are distinct lines, then, by § 4, Th. 2, 7 = 0 must be a 
linear combination of them: 

7 = A:a + Zj3. 

Hence 

koL + Z/3 — 7 = 0, 

and the lines arc linearly dependent. On the other hand, if the lines 
a = 0 and /3 = 0 are identical, there exist, according to Th. 1, two 
constants, A’, Z, not both zero, so that A;a + Z/3 ^ 0. Consequently, 
the identity (5), where m = 0 and k and Z have the values just noted, 
is valid, and the three lines are linearly dependent. 

Theorem 3. If three distinct lines are linearly dependent^ equations 
of the lines can he so chosen that the constants of dependence can all he 
taken as unity. 

If a = 0, jS = 0, 7 = 0 are three distinct lines which are linearly 
dependent : A" a + Z /3 + /a 7 = 0, no one of the constants of dependence 
can be zero. Then ka = 0, Z/5 = 0, m7 = 0 are also equations of the 
lines and when we set ka^ a\ Z/3 = ^3', m7 = 7', the identity be- 
comes a' + + 7' = 0. Thus the theorem is proved. 

Theorem 4, The linear dependence of a number of lines is coex* 
tensive with the linear dependence of the sets of coefficients in the equa- 
tions of the lines. 
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The truth of the theorem in the case of two lines has already been 
noted in the proof of Theorem 1. Its verification in the case of three 
or more lines is left to the reader. 

EXERCISES 

1 . Show that the lines 

4 Xi — 2 a;2 + 6 xs = 0, 6 Xi — 3 a;* + 9 = 0 

are linearly dependent and find values for the constants of dependence. 

2 . The same for the lines 

5a5i + 6a;2 — 3^3 = 0, 2®! + 3x2 — 4 0:3 = 0, 4xi + 3x2 + 6x3 = 0. 

3 . Choose equations for the lines in Ex. 2 so that the constants of dependence 
in the identity expressing linear deijendence can all be taken equal to imity. 

4 . Prove that four lines are always linearly dependent. 

5 . Show that, if no three of four given lines are concurrent, equations 
a= 0 , /3 = 0 , 7 = 0 , 5=0 for the four lines can be so chosen that 
ot +/3 + 7 + 5 = 0 . 

6 . Show that two finite lines are parallel if and only if they and the line at 
infinity are linearly dependent. Hence prove that the finite lines 

a OiX + a 2 y + = 0, s 6iX + h^y -f- 63 = 0 

are parallel, but not identical, if and only if constants 1^ niy m 7^ 0 , exist 
so that /c a + i s w. 

6. Linear Dependence of Points. Ranges of Points. For the sake 
of brevity, we shall henceforth denote the point (xi, X2, Xs) symbolic- 
ally by X and write x: (xi, X2, Xs). 

Definition. A number of points are said to be linearly dependent 
if and only if their sets of homogeneous coordinates are linearly dependent. 

In the case of two points, the definition requires that the coordinates 
of the two points be proportional. Hence: 

Theorem 1. Two points are linearly dependent when and only when 
they are identical. 

The three points a: (ai, 02, as), b: (61, &2, 63)1 c: (ci, C2, cs) are linearly 
dependent if and only if k, Z, m, not all zero, exist so that the equations, 

A; oi + Z 61 + m Cl = 0, , 

(1) A; 02 + Z 62 + ^ C2 == 0, 

A? Os H" Z 63 m c% ^ 0 , 

are satisfied. The condition, necessary and sufficient, for linear 
dependence is, therefore, that |a 6 c| =0. But, by § 2, Th. 36 , this 
is the condition that the three points be collinear. 
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Theorem 2. Three points are linearly dependent if and only if they 
are collinear. 

It will be noted that these theorems are the precise duals of the 
corresponding theorems concerning the linear dependence of lines. 
Equations (1) can be written more compactly in the form 

koi + Iht + mc^ 0, (i = 1, 2, 3). 

We go still further and drop the subscripts altogether, writing 
k a + lb + me = 0 

as a symbolic equation standing for all three equations. 

Ranges of Points. A range of points is the totality of points on a 
straight line. It is the dual of a pencil of linos. Since a pencil of 
lines consists of all the lines which are linear combinations of two 
distinct lines, a range of points may be expected to consist of all the 
points which are linear combinations of two distinct points. This is 
indeed the case. 

Theorem 3. If a and b are distinct pointSy the totality of points 
k a lb \ (Jc a>\ 1 6i, k 02 I k az d" 1 63 ), 

where ky I take on all possible pairs of values other than 0, 0, is the range 
of points on the Ime of a and b. 

To show that an arbitrary point ka + lb lies on the line of a and 6, 
denote the coordinates k a\ Ihiy k 02 lb2y k az -]r I bz of this point 
by Cl, C 2 , cs. Then 

Ci = k tty -f~ I bif (x = 1, 3), 

or, symbolically, 

ka + lb — c = 0. 

Consequently, the points a, 6, c are linearly dependent and c, or 
k a Iby lies on the line of a and b. 

Conversely, if a point c lies on the line of a and 6, the points a, b, c 
are linearly dependent: 

k a + lb me = 0. 

Since a and h are distinct points, the constant m cannot be zero. 
Therefore we can divide by w, obtaining c: 

k I ^ 

c — a by 

m m 

as a linear combination of a and b. 
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Example. Find the points in which the line joining the points 
(—6, 0) and (6, 4) meets the parabola 

2/* — X — 4 = 0. 


Homogeneous coordinates of the given points are (—6, 0, 1), 
(6, 4, 1) and those of an arbitrary point of their line are 


(- 6A; + 61, 4Z, k + 1). 


These coordinates satisfy the equation in homogeneous coordinates of 
the parabola: 

xl — xtXi — 4 xi = 0 


if 


16 Z* + 6(A:2 - Z2) - 4(k + Z)* = 0, 


or 

k^ - 4kl + Sl^= 0 . 


Thus k — I = OorA; — 3Z = 0. Setting A: = 1 , Z = 1, and then k= 3, 
I = 1, we obtain as the coordinates of the required points (0, 2, 1) and 
( - 3, 1, 1), or (0, 2) and (- 3, 1). 


EXERCISES 

1 , The three points (2, 3, — 2), (4, 5, 2), (1, 2, — 4) are linearly dependent. 
Find values for the constants of dependence. 

2, Choose coordinates for the points in Ex. 1 so that the constants of de- 
pendence can all be tak(;n equal to unity. 

3, What linear combination of the two points (1, 1, 2), (2, — 1, 3) is the 
point at infinity on their line? 

Find the coordinates of the point (or points) in which the line joining the 
given points meets the given curve. 



Given paints 

Given cunre 

4 . 

(2,1,3), (3,1,2), 

Xl — X2 + X3 = 0. 

5 . 

(5, 1, 5), 

(1, 3, 1), 

2x2 3 = 0. 

6 . 

(1, 0), 

(0, - 1). 

x* + — 2 X — 1 =0. 


7 , Show that, ii A, B, C are distinct collinear points, homogeneous coor- 
dinates a and 6 of A and B can be chosen so that C has the coordinates a 6. 

7, Analytic Proof of Desargues’ Triangle Theorem. To illustrate 
the usefulness of the ideas of linear combination and linear dependence, 
we give an analytic proof of Desargues’ Theorem in the plane. We 
establish first: 

Theorem 1. If the corresponding sides of the two triangles intersect 
in collinear points, the lines joining corresponding vertices are concurrent. 
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Let the equations in homogeneous coordinates of the sides of the ontx 
triangle be a = 0, = 0, 7 = 0, and those of the sides of the other 

triangle, a' = 0, jS' = 0, 7' - 0, as shown in the figure. Let the 
equation of the line L on which lie the points of intersection A", 

C" of the correspond- 
ing sides be 5 = 0. 

Since L goes through 
the point A" common to 
a = 0 and a' = 0, 5 is 
identically the same as a 
certain linear combination 
of a and a' : 5 = Aa — A' a'. 
Since L also goes through 
and C", we can, by 
similar reasoning, write 
b ^ BP - B'p' and 
5 = C 7 - C' 7 '. Hence ♦ 

(1) Aa - A V ^BP - B'P' = Cy - C'7' - 6. 

From this continued identitj^ we obtain the three identities: 
np - Cy^ B'p^ - C'7', 

(2) C7 - Aa.- C'7' - A 'a', 

Aa - Bp = AW - B'p'. 

The first of these says that the equations Bp — Cy = 0 and 
B'P' — C'7' = 0 t represent the same line. This line is a linear 
combination of /3 = 0 and 7 = 0 , and hence goes through the point 
A; it is also a linear combination of p' ~ 0 and 7' = 0, and so 
goes through the point A'. Hence it is the line A A'. 

Similarly, the second identity yields two equations for the line 
BB', and the third, two equations for CC'. Thus we have two sets of 
equations for the lines A A', BB', CC': 


AA': 

BP - 

II 

p 

B'p' 

~ C'7' = 0, 

BB': 

Cy - 

II 

p 

C'7' 

1 

II 

p 

CC': 

Aa — ' 

<S 

II 

A 'a' 

d 

II 

1 


* The constants of combination A, A', B, C, C' are not to he confused 
with the lettering of the vertices in the figure. 

t Since it is impossible that B = C = 0 or R' = C' == 0, these equations 
actually represent lines. 


L 
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The equations of either set are linearly dependent with constants 
of dependence all unity. Hence the lines A A', BB\ CC* are con- 
current. 

Theorem 2. IJ the lines joining corresponding vertices of the two 
triangles are concurrent^ the corresponding sides intersect in collinear 
points. 

Theorem 2 is the dual of Theorem 1. Moreover, the theory of 
linear combination and linear dependence of straight lines used in the 
proof of Theorem 1 has a precise dual in the corresponding theory for 
points. Consequently, we can give for Theorem 2 a proof which is 
the dual of that of Theorem 1. 

If a: (ai, a 2 , as), 6, c are coordinates of the vertices A, B, C of the 
first triangle, n\ h\ d coordinates of the vertices A', R', C' of the second 
triangle, and d\ (di, da, ds) coordinates of the point P (Fig. 3), we have, 
svmbolically, 

Aa - A' a' = Bh - B'b' = Cc - C'c/ = d. 

Let the reader justify these relations, and then complete the proof. 

EXERCISES 

1. Complete the proof of Theorem 2. 

2. Lemma A. A necessary and svfficient condition that three distinct lineSf 
one through eewh vertex of the triangle whose sides are a - 0, 0 ^ 0, y ^ Of 
be concurrent is that their equahmis can be pul in the forms: 

(4) B(S - Cy = 0, Cy ~ Aa = 0, Aa - = 0. 

The condition is evidently sufficient; equations (4) represent three concurrent 
lines, one through each vertex of the triangle; see etjuations (3). 

It remains to show that the condition is necessary. The three lines, since 
they are concurrent, are linearly dependent. By § 5, Th. 3, their equations 
+ C'y = 0, Cy + A'oe = 0, Aa -f B'0 - 0, 
can be so chosen that the constants of dependence (;an all be taken equal to 
unity: 

(R)3 + C'y) + (Cy -f A'«) + (Aa + RW ^ 0. 

Hence 

(A -^A')a + (B + J5')^ + (C 4- r) 7 ^ 0. 

To complete the proof wc conclude that 

A + A' = 0, R -f P' = 0, C 4- C' = 0. 

What is the justification for this conclusion? 

3. Prove Theorem 2, by showing that the steps in the proof of Theorem 1 
can be retraced. Begin by establishing equations (3) with the help of Lemma- 
A. 

4. Lemma B. The dual of Lemma A. State and prove. 

5. Prove Theorem I by retracing the steps in the proof of Theorem 2. 
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8. Linear Dependence of Four Points or of Four Lines. By Ch. I, 

§ 3, Th. 4, four number triples are always linearly dependent. Hence: 
Theorem 1. Four points are always linearly dependent. 

In seeking the geometric significance of this fact, we consider 
merely the general case in which at least three of the four points are 
linearly independent.* Let a, 6, c, d be the four points, and let a, 6, 
c be linearly independent. Then, in the symbolic equation 

(]) ha-\-lh-\‘nic-\-nd'=0 

which expresses the linear dependence of the four points, the constant 
n cannot be zero. Consequently, we can divide by n and write: 

d = A.a "b Bh -f- Cc, 

where A = — kjn, B — ^ Z/n, C = — min. Thus, we have the 
coordinates of the point d expressed as a linear combination of those 
of the three points a, h, c. But d might have been any point in the 
piano. Hence: 

Theorem 2. The homogeneous coordinates of an arhitrary point of 
the plane can be expressed as a linear combination of those of three non-- 
collinear points. 

The result may be stated in another way: The totality of points 
which are linear combinations of three noncollinear points consists of 
all the points of the plane. 

Geometric proofs of Theorems 1 and 2 can be 
readily given. Consider the latter theorem. 
The point in which the line of a and h (Fig. 4) 
is met by the line of c and cZ f is a linear com- 
bination, ka-\-lb^ of a and Z>, and the point d 
is a linear combination of this point, Zb a + Z 6, 
A{k a + Ih) + Cc. Hence d is a linear combina- 

Theorems analogous to Theorems 1 and 2 hold for straight lines. 
Theorem 3, Four straight lines are always linearly dependent. 
Theorem 4. The equation of an arbitrary line in the plane can be 
written as a linear combination of the equations of thr^'e nonconcurrent 
lines. 

* The special case in which each three of the four points are themselves 
linearly dependent presents nothing new: the four points are collinear. 
t The theorem is obvious if d coincides with c. 



and c; that is, d = 
tion of u, 6, and c. 
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EXERCISES 

1. Express the point (1, I, 1) as a linear combination of the three noncol- 
linear points (1, 0, 0), (0, 1, 0), (0, 0, 1). 

2. Give a geometric proof of Theorem 4. 

3. Show that, if no three of four given points are collinear, coordinates 
o, 6, c, d of the four given points can be so chosen that a-f6 + c + (i = 0. 

4. Determine specific values for the constants of dependence in (1) in the 
general case in which at least three of the four points are linearly independent. 

9. Applications to Complete Quadrangles and Complete Quadri- 
laterals. Two sides of a complete quadrangle whose point of inter- 
section is not a vertex of the 
quadrangle are called opposite sides. 

There are evidently three pairs of 
opposite sides: pi, p 2 ] Qu Q 2 ] ri^ rj 
(Fig. 5). The points P, Q, R deter- 
mined by the pairs of opposite sides 
are known as diagonal points. 

According to § 8, Ex. 3, coor- 
dinates a, h, c, d of the vertices of 
the complete quadrangle can be chosen so that 
( 1 ) 

We have then, for example, 

a + = — (c + d). 

This symbolic equation says that a + h and c + d are coordinates 
of the same point. This point lies on the line pi of a and h, and also 
on the line p 2 of c and d; hence it must be the diagonal point P. In 
the same way we get two sets of coordinates for each of the other 
diagonal points. Tabulating the results, we have 



P: 

a -j- 6 

or 

c + d 

(2) 

Q: 

a -|- c 

or 

d + 6 


R: 

n -|- d 

or 

5 + c. 


Is it ever possible that the points P, Q, R bo collinear? To answer 
this question, let us assume tentatively that the points are cbllinear. 
Their coordinates c + d, d + &, b + c are then linearly dependent; 
constants B, C, D, not all zero, exist so tliat 

B(c + d) + C{d + b) + D{b + c) = 0. 

{C + D)b + (D + B) c + {B + C) d ^ 0. 



Hence 
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Since R, C, 2) are not all zero, C + D, D + B^B + C are not all 
zero. Hence the points 6, c, d are linearly dependent. But this 
means that three vertices of the complete quadrangle are collinear, 
which is impossible. 

Theorem 1. The diagonal 'points of a complete quadrangle are never 
collinear. 

The triangle whose vertices are the diagonal points is known as the 
diagonal triangle of the quadrangle. 

EXERCISES 

1. Show that the points Py Qj R in Fig. 5 have the coordinates c — d, 
d ^ by h — c and thus prove the theorem: The three points in which three 
nonconcurrent sides of a complete quadrangle, one through each diagonal 
point, meet the opposite sides of the diagonal triangle are collinear. 

2. Give a geometric proof of this theorem. 

3. Opposite vertices and diagonals of a complete quadrilateral are the duals 
of opposite sides and diagonal points of a complete quadrangle. Define them 
and prove that the diagonals are never concurrent. 

4 . State and prove the dual of the theorem in Ex. 1. 
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10. Metric Applications. Normal Form 
for the Equation of a Line, Let L be a finite 
line which does not pass through the origin 
0 of coordinates, and let Q be the foot of 
the perpendicular from 0 on L. The posi- 
tion of L is determined by the angle from 
the positive axis of x to the directed line OQ 
and the length p > 0 of the line-segment OQ, 


The equation of L in terms of <j> and p is * 

(1) X cos 0 + 2/ sin 0 — p = 0. 


Directed Distance from a Line to a Point, Let Po be an arbitrary 
point of the plane and let R be the foot of the perpendicular dropped 
from Po on the line L. The directed distance, d, from L to Po we 
define as the directed line-segment PPo, taken positive or negative 
according as the direction from R to Po is the same as, or opposite 
to, that from 0 to Q, Evidently d is positive if Po lies on the opposite 
side of L from 0, and negative if Po lies on the same side of L as 0. 

To obtain a formula for d, draw through Po a line U parallel to 

* The equation is obtained by equating the projection on OQ of the broken 
line OMP to the projection p of OP on OQ, 
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L. For L', 4^' = <l> and = p + d, provided L' meets the half-line 
OQf as in the figure. If U meets the opposite half-line, 0 
and p' = p ^ d. In both cases the equation of U is 
X cos (j} + y sin <j> — p — d = 0. 

Since Po: (xq, yo) lies on L', we have 

(2) d = Xo cos + t/o sin — p. 

Theorem 1. When the equation of a line is given in normal fcfrm 
a(x, y) ^ X cos ^ -f y sin ^ — p = 0, 
the directed distance d from the line to the point (xo, yo) is 

d = a{xo, yo)- 

Let a = 0 and = 0 be the equations in normal form of two inter- 
secting lines not passing through 0. The linear combination 
a — k = 0 has, then, a simple geometric interpretation which can 
be readily established by means of Th. 1. 

Theorem 2. The line a kfi = 0 is the locus of a point which 
moves so that its directed distances from the lines a = 0 and P = 0 
are in the ratio k. If k > Oj the line passes through the two regions 
hounded 61/ a = 0, = 0, one of which contains the origin; if k < 0, 

the line passes through the other two regions. 

Corollary. The equations of the bisectors of the angles between 
a = 0 and = 0 are a — = 0 and a P = 0. 

Applications, We are now in a position to prove a number of 
theorems. 

Theorem 3. The bisectors of the internal angles of a triangle meet 
in a point. 

Choose the origin 0 inside the triangle and let the equations in 
normal form of the sides be a = 0, /3 = 0, 7 = 0. The equations of 
the bisectors in question are, then. 


a-/3=0, ^-7=0, 7-a = 0. 


But these equations are linearly dependent. 
Hence the bisectors are concurrent. 

Theorem 4. The medians of a triangle are 
concurrent. 


c 



B 7-0 M A 

Fia. 7 


Take O, as before, within the triangle. The distances MA' and 
MB' from the mid-point M of AB to the sides a ~ 0 and « 0 
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(Fig. 7) are 

MA' = i c sin R, MB' = i c sin A, 

where c is the length of the side AB. Hence the equation of the 
median CM is 

ct sin A — p sin B = 0. 

Similarly, the equations of the other medians are 

jS sin R — y sin C = 0, y sin C — a sin A = 0. 

The three medians are evidently linearly dependent, and therefore 
concurrent. 

Application to Circles, Let the equations, 

a s + 2/2 + aix 4- + Oz = 0, 

= x* 4- 2/2 4- 6 ia: + b-ty 4- 63 = 0, 

represent two circles which intersect in two distinct points Pi and P2. 
Then the equation 

k a I P — 0 , 

where fc, I are constants not both zero, represents a curve which passes 
through the points Pi and P 2 . From the form of the equation: 

(k 4- l)(x^ + 2/*) + (kai 4- lbi)x 4- (kao 4“ ^^2)2/ 4- (ka^ 4- Ibz) = 0, 

it is evident that this curve is a circle, unless A: 4“ ^ = 0. 

In the exceptional case, the curve is a straight line. Since it contains 
the points Pi and P2, it must be the common chord P 1 P 2 of the two 
circles. Its equation is evidently a — p == 0. 

It can be readily shown that, by choosing A:, I suitably, k a-^-ip—O 
can be made to represent any desired circle passing through Pi and 
P2. The totality of these circles, together with the common chord 
P1P2, is known as a pencil of circles. 

Suppose now that 

7 ~ x2 4- 2/* 4- cix 4- cz?/ 4- C3 = 0 

is a third circle which intersects each of the circles a = 0 and P — 0 
in distinct points. The common chords of the three circles, taken in 
pairs, have the equations 

a-“j8=0, 7---a£=0, 

and are therefore concurrent. 

Theorem 5. If three mutually intersecting circles afe taken in pairs 
and the common chords are drawn^ the common chords are concurrent,* 
* The point of concurrency may be a point at infinity. 
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Remark, It frequently happens that, in the proof of a theorem by 
abridged notation, the equations can be reinterpreted so that a new 
theorem results. 

For example, suppose that in the proof of Theorem 3, in which 
a=0, /3=0, 7 = 0 are the sides of a triangle and a — = 0, 

jS — 7 = 0, 7 — a = 0 the bisectors of the internal angles, we now 
think of a = 0, jS = 0, 7 = 0 as representing circles. Then 
a— j8 = 0, jS — 7 = 0, y — a = 0 are the common chords of the 
circles, and the proof of Theorem 3 becomes that of Theorem 5, 

EXERCISES 

1 . Prove that 

^ y) 

-H 02^ 

is a directed distance from the line 

a(x, y) s aix + 02 ^ + as = 0 

to the point (x, r/), positive for all points (x, y) on one side of the line and 
negative for all points (x, y) on the other side. 

2. Prove that the bisectors of the exterior angles at two vertices of a triangle 
and the bisector of the interior angle at the third vertex are concurrent. 

3. Show that the altitudes of a triangle arc concurrent. 

4. Prove that if a = 0 and jS = 0 are the equations in normal form of two 

intersecting lines, the lines k<x ^ =0 and la — kfi = 0 make the same 

angle with a — /3 = 0. 

5. Hence show that if three lines, one through each vertex of a triangle, 
meet in a point Pi, the three lines, one through each vertex, which make the 
same angles as the given lines with the bisectors of the angles, but lie on the 
opposite sides of the bisectors, meet in a point P 2 . The two points Pi and Pa 
are known as isogonal conjugate •points with respect to the given triangle. 

6. Prove that, if two triangles correspond, vertex for vertex, so that the 
perpendiculars from the vertices of one on the opposite sides of the other are 
concurrent, then the perpendiculars from the vertices of the second on the 
opposite sides of the first are also concurrent, 

7. Given three mutually intersecting circles and a point P. Show that the 
three circles which are determined by P and points of intersection of the pairs 
of given circles have in general a second point in common. 

8. If four mutually intersecting circles can be paired in one way so that the 
points of intersection of the pairs of circles lie on a circle, show that the circles 
have this property no matter how they are paired. 

9. What theorem concerning circles results from the proof of Desargues^ 
Triangle Theorem when the equations in the proof are thought of as repre- 
senting circles? 
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1 . Division of a Line-Segment. In the elementary theory of the 
division of a line-segment, there are in general two points which divide 
the segment in a given ratio, one external, and the other internal, to 
the segment.* For the purpose of this and later chapters, it is 
advisable to revise the theory so that but one point will correspond to 
a given ratio of division. This end is attained by replacing the ab- 
solute ratio hitherto used by an algebraic ratio, defined in terms of 
directed line-segments. 

Definition. The algebraic ratio, p, in which P divides the finite 
line-segment P1P2 is defined as the quotient of the directed line-segments 

PPu PP2: 


PPi 



Inspection shows that, according as P is external or internal to P1P29 
fjL is positive or negative. 

Since PPi = p PP2, the projection of PPi on an axis of coordinates 
is p times the projection of PP2 on the axis. Hence we derive for- 
mulas for the coordinates of P. 


Theorem 1, The coordinates (x, y) of the point P which divides the 
line-segment bounded by Pi : (xi, yi) and P2 : (x2, 2/2) in the ratio p, 
1 , are 


( 1 ) 


xi - px2 yi - py2 

, 2/ = “i • 

1 - M 1 - /X 


When /i = 1 , formulas ( 1 ) have no meaning. It is evident geo- 
metrically, however, that when’/x approaches 1 as a limit, the point P 
recedes indefinitely. Moreover, in the homogeneous coordinates 
(xi — /X X2, 2/1 — /X 2/2, 1 — /x) of P, we can set /x = 1 and the result is 
the point at infinity on the line. Accordingly, we say that the point 
at infinity on the line divides the line-segment P1P2 in the ratio /x = 1 , 
There is now a unique point on a finite line which divides a finite 
segment on the line in a given (algebraic) ratio. 

* See Anolytio Geometry, p. 17 
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We next introduce homogeneous coordinates and prove the theorem: 
Theobem 2 . The ratio ^ /x, in which the point a + X 6 divides the seg^ 
ment bounded by the finite points a : (cti, a2, aa) and b : (6i, 62* ^s) is 



If a +\b is the point at infinity on the line of a and 6, then 
fla + X 63 == 0 and hence — Xbi/a^ has the value 1 , as prescribed by the 
theorem. 

If a + X 6 is a finite point, fx can be determined from equations ( 1 ). 
These equations, when we set 


reduce to 





X = 

y = 


a\ -f- \b\ 

fls + X63 

0/2 -f" Xi)2 

fls "h Xfea 


(as&i — 0163) (aa At + X 63) = 0, (ajb^ — ajbz){aiix + X63) = 0. 

If ajbi — ajbz and azh2 — were both zero, Xi and y\ would bo equal, 
respectively, to and 1/2, and the points a and b would not be distinct. 
Hence aa At + X 63 = 0, and p has the desired value. 


2. Harmonic Division of Points. Two distinct points Qi, Q2 on a 
finite line L are said to separate harmonically ^ ^ 

two distinct finite points Pi, P2 on L if the 
algebraic ratios Ati» Ata in which they divide the Fig. 1 

line-segment P1P2 are negatives of one another: 


( 1 ) 


QiPi _ 


. 

Q2P2 ’ 


If Ai2 = 1, that is, if Q2 is the point at infinity on L, then /xi = ■“ 1 
and Qi is the mid-point of P1P2. Two district finite points are sepa- 
rated harmonically by their mid-point and the point at infinity on their line. 
Let Pi, P2 now have the coordinates a : (oi, a^, 03), b : (61, b2, bz). 
Two arbitrary points on their line are a + Xi6, a -f X26. Tlie ratios 
M2 in which they divide PiP2 are, by § 1 , Th. 2, 


Ml = - 


Xi 


h 

a-i 


At2 = - 


X2 


— . 

tts 


Evidently, pi= ^ 0) if and only if Xi = — X2(7*^ 0 ). Hence: 
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Theorem 1. Two 'points separate the distinct points a and h har- 
monically when and only when their coordinates can he written in the 
forms 

a +\hf a — X 6, X 5*^ 0, 

or in the equivalent forms 

ka + Ibf ka — Ihf kl 9^ 0. 

The definition of harmonic separation assumes that the points Pi 
and P2 are both finite, and no longer makes sense when one or both 
of these points are ideal. Theorem 1 does, however, still have a 
meaning in the cases in question. We take the content of the theorem 
as constituting the definition of harmonic separation in these cases. 
The theorem is then universally valid. 

Theorem 2. If Qi, Q 2 separate Pi, P2 harmonically , Pi, P2 separate 
Qu Q2 harmonically, 

A proof in the case that all four points are finite consists simply in 
rewriting (1), with due regard for signs, in the form 

P/ii _ P,Q 

P1Q2 P2Q2 

To give a proof which is valid also in case one or all the points are 

ideal, we take the coordinates of the points in the forms specified by 
Th. 1: 

a, bf a + X &, a — X 6, X 5*^ 0, 

Setting 

a' = a -f X 6, 6' = a — X 6, 

we find that 

2a = a' + 6', 2\b = a' — b\ 

Hence we can also write, as coordinates of the four points, 
tt' + 6', a' — b\ a', b'. 

Consequently, by Th. 1, Pi, P2 separate Qi, Q2 harmonically. 

Theorem 2 says that the order of the two pairs of points Pi, P2 and 
Qh C?2 is immaterial. So also is the order of the points in each pair; for, 
it is evident from Th. 1 that, if Qi and Q2 separate Pi, P2 harmonically, 
Q2 and Qi separate Pi, P2 harmonically^ 

If the points of one pair, say Pi and P2, and one of the points of the 
other pair, say Qi, are given, the fourth point, Q2, is uniquely deter- 
mined. For, if Pi and P2 are the points a and b, Qi has unique coor- 
dinates of the form a + X6. Then Q2 must, by Th. 1, be the point 
a — Xi>. 
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Theorem 3. If Pi, Pz and Q\ are distinct collinear 'poinU^ there is a 
unique point Qz which with Qi separates Pi, Pz harmonically. 

The point Qz is known as the fourth harmonic point to Pi, Pz and 
Qi, or as the harmonic conjugate of Qi with respect to Pi and Pz. 
The two pairs of points Pi, Pz and Qj, Qz are said to form a harmonic 
set. 

EXERCISES 

1 . Show that Pi : (3, 1), Pz : (7, 5) and Qi : (6, 4), Qz ; (9, 7) form a harmonic 
set, {a) by finding the ratios in which Qi, Qz divide P 1 P 2 ; Q>) by expressing 
the homogeneous coordinates of Qi and Qz as linear combinations of those of 
Pi and Pz. 

2. Prove that (2, 3, 2), (1, — 2, 3) and (8, 5, 12), (4, 13, 0) form a harmonic 
set. 

3. Find the harmonic conjugate of the point (4, 3, 3) with respect to the 
points (2, 1, 1), (1, 2, 2). 

4 . Find the fourth harmonic point to the points at infinity in the directions 
of the axes and the point at infinity in the direction of slope unity. 

5. Prove that, if Pi, P 2 , Qi, Qz are four distinct collinear finite points, 
Q\,Qz separate Pi, Pz harmonically if and only if 

MQi • WQz = a\ 

where a = \PiPz and M is the mid-point of P^Pz. 

6. Show that, if Qi, Qz separate Pi, Pz harmonically, every circle through 
Qi, Qz cuts the circle described on PiPz as a diameter orthogonally. 


3. Division of Two Lines. If Li and Lz are two finite lines and L 
is a finite line through their point of intersection, the ratio 


( 1 ) 


Di 




of directed distances Di and Dz from Li and Lz to an arbitrary point 
on L is constant. This constant ratio we shall speak of as the ratio 
in which the line L divides Lx and Lz. 

We do well to enlarge on the first statement. 

If Li and Lz intersect in a finite point, Di 
and Dz will both be jiositive for all points of 
one of the four regions bounded by L\ and Lz, 
both negative for all points of the opx)osite 
region, and so forth, as shown in Fig. 2. If the given line L passes 
through the regions (+, +) and ( — , — ), the ratio p defined by (1) is 
clearly constant and positive. On the other hand, ft is a negative 
constant, if L passes through the other two regions. 




54 


HIGHER GEOMETRY 


p 





(d-k +) 


When Li and L 2 are parallel, directed distances Di and Dz from Li 
and Lz to a point P are measured along the same line. We agree to 
take one and the same direction on this line as the positive direction 
for measuring hath Di and Dz^ Then the 
signs of Di and Dz for the three regions de- 
termined by Li and Lz are, for example, as 
shown in Fig. 3. In this case, if the given 
line Lf parallel to Lx and L 2 , lies in either of 
the regions (-h, +) or( — , — ), the ratio ix is 
a positive constant, while if L lies in the 
region (+, —), ju is a negative constant. 

In the case exemplified by Fig. 3, there is no finite lino L corre- 
sponding to the ratio ju = 1. It is reasonable, however, to take as 
the line corresponding to /x = 1 the line at infinity, and we agree to do 
this. 

Inspection shows that there is now always a unique line through a 
point, finite or ideal, which divides two finite lines through the point 
in a given ratio. 


Fig. 3 


Remark. The sign of the ratio jx depends on the particular directed 
distances chosen. Thus, if instead of Dzf we took — Dz, ix would 
change sign. In any particular case, 7>i and Dz should be chosen 
first and adhered to throughout. The signs of Di and Dz for each of 
the regions are then fixed, and hence the position of L for any given 
value of fx is fixed,* 


A F orrnula for fx. Let L\ and Lz have the equations 

(2) Of ^ aix + azy + og = 0, = h^x + h.jj -f 63 = 0, 

and choose, as Dx and Dz (Ch. Ill, § 10, Ex. 1): 

( 3 ) n, = 

Voi -f" (I2 ^ V61 -|- 62 

If L is a finite line dividing Lx and Lz in the ratio /x, the equation of L 
is, by (1), 

y) ^ y) 

Vaf -h al ^ V6? + bl 

* In this connection, we note that if, in the case in which Li and Lz are 
parallel, we had agreed to take the positive directions for measuring Di and 
Dz opposite to one another, the sign of one of the distances in Fig. 3, say that 
of Dz, would be reversed and the pairs of signs in the three regions would read, 
from left to right, (— , -f), (-j-^ (-f-^ — ). Tlien, to the line at infinity we 

should make correspond, not m = 1, but /x = — 1. 
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or 


(4) 


a+\0 = O 


where 


= -^4i 


'af + o| 


lb! + hi 

Theorem 1. The ratio fi in which the line a + = 0 divides the 

finite lines a = 0, 0 = 0 is 


(5) 




+ 1^2 


+ cil 


provided that it is understood that Di and arc chosen as in (3). 
Ifci£+XjS==Oisa finite line, the theorem follows directly from (4).* 


4. Harmonic Division of Lines. Two distinct lines Mi, M 2 through 
a point P, finite or ideal, are said to sejiarate harmonically two finite 
distinct lines Li, L 2 through P if the algebraic ratios pi, pi in which 
they divide Li, L 2 are negatives of one another: 

(1) Pi = — M2. 

If P is a finite point and M 2 = 1, Mi = "" 1» then Mi and M 2 are the 
bisectors of the angles between Li and I/ 2 . The bisectors of the angles 
between two lines intersecting in a finite point separate the lines har- 
monically. 

If Li and L 2 are the lines o: = 0, jS = 0 of § 3, but with their equa- 
tions now written in homogeneous coordinates; 

a = aiXi + a^Xz + a^z = 0 , = biXi + hzXz + bzXz = 0 , 

two arbitrary lines through P are a + Xi|3 = 0, a + hzff = 0, The 
ratios pi, M 2 in which these lines divide Li, L 2 are negatives of one 
another, by § 3, Th. 1, if and only if Xi = — X 2 . Hence: 

* To verify the theorem when a = 0, M = 0 are parallel and a = 0 is 
the line at infinity — to obtain the line at infinity as a linear combination of 
CK == 0, = 0, we think of the equations (2) as written in homogeneous coor- 

dinates — we must show that (5) reduces to/z=-l-lor/z = — 1, according 
as the positive directions for measuring the distances (3) are the same or 
opposite; see xireceding footnote. 

Inasmuch as a = 0 and /3 = 0 are parallel, a constant k, 7 ^ 0, exists so 
that ai = kbiy 02 = khz. If, then, a -j- X /S = 0 is to be the line at infinity, 
X must have the value — k. For ai = fc 6i, 02 = kh 2 , and X = — /fc, (5) re- 
duces to M — Consequently, jLi = lor/x = — 1 according as A; > 0 or 

A; < 0. 

It remains to show that, according as A; > 0 or A; < 0, the positive directions 
for measuring the distances (3) are the same or opposite. From the formulas 
(3) we readily find that, if A: > 0, D\ — D 2 = const., whereas if A; < 0, 
Di 4- Da s const. Hence, the positive directions for measuring the two 
distances are the same in the first case and opposite in the second. 
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Theorem 1. Two lines separate the distinct lines a = 0, jS =* 0 
harmonically if and only if their equations can be written in the forms 

af-|-X)8 = 0, cc — Xj9 = 0, Xj^O, 

or in the equivalent forms 

ka IP = 0, ha — 10 = 0, kl 9^ 0. 

The theorem has been proved in case Li, L 2 are both finite lines. 
We take the content of it as the definition of harmonic division in case 
one of these lines is the line at infinity. 

The following theorems are the analogs of Theorems 2 and 3 of § 2, 
and are similarly proved. 

Theorem 2. If Mi, M2 separate Li, L2 harmonically ^ L\, L2 sepa^ 
rate Mi, M2 harmonically. 

Theorem 3. If Li, L2 and Mi are distinct concurrent lines, there is 
a unique line M2 which with Mi separates Li, L 2 harmonically. 

The line M 2 is called the fourth harmonic line to Li, L2 and Mi, or 
the harmonic conjugate of M\ with respect to Li, L 2 . The two pairs 
of lines are said to form a harmonic set.* 

EXERCISES 

1. Show that the pairs of lines, 

2 Xi — 3 072 + 4 Xs = 0, I Xi — 3 372 + 11 iCs =* 0, 

and 

Xi + Xi + Xs - 0, Xi — 9x2 + 5xs ^ 0, 

form a harmonic set. 

2. Show that the pairs of lines 

a; = 0, 2 / = 0 and x '^2y = 0, a; — 22 / = 0 

form a harmonic set. 

3. Find the harmonic conjugate of 4a:i — 8x2 + 4 Xs — 0 with respect to 

Xi — 2372 + a;3 = 0, 237i -f ^^2 + 2a7s = 0. 

4 . Prove that two perj^endicular, lines are separated harmonically by any 
two lines which pass through their common point and are equally inclined to 
each of them. 

5. Harmonic Division a Projective Property, We first establish 
the following theorems. 

* Harmonic division and its generalization, cross ratio (Ch. VI), were known 
to the Greeks. The introduction of directed line-segments and the use of 
negative, as well as positive, quantities in geometry are, however, modern 
ideas, first carried through in a consequential manner by Moobius (1790- 
1868) in his principal work, Der barycenirische Calcul, 1829. 


. W L 
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Theorem 1. // four lines, when properly paired, form a harmonic 
set, the four points in which they are cut by a transversal, when corre^ 
spondingly paired, form a harmonic set. 

Theorem 2. If four points, properly paired, form a harmonic set, 
the four lines joining them to a fifth point, when correspondingly paired, 
form a harmonic set. 

The two theorems can be proved simultaneously. Let Pi, P2, 
Qi, O2 be four collinear points with the coordinates 
( 1 ) a, b, a + X 6 , a + X'&. 

Let the lines joining these points to an arbitrary point r : (ri, r2, ra) 
external to their line be Li, L2, Mi, M2. The equations of Li and 
L2 are |a:ar| = 0 , \xbr\ = 0 . The equation of Afi is 

(x a + X 6 r| =0 
or 

I xar\ +X|a: 6 r| = 0 . 


Similarly, for that of M2. Thus Li, L2, Mi, M2 have the equations 
Ixarj =0, Ixarl +X|x6r| =0, 

( 2 ) 

|x6r| =0, |xar| +X'|x6r| =0. 


The condition that Pi, P2 and Qi, Q2 form a harmonic set is that 
X' = — X. But this is precisely the condition that Li, L2 and Afi, 
M2 form a harmonic set. Hence both theorems arc proved- 
Theorem 3. Harmonic division is a projective property. 

In the case of a projection of a line on a line (Fig. 4 ), we have to 
show that, if the pairs of points Pi, P2 and Qi, Q2 form a harmonic set, 
their projections Pi, P2 and Qt form a harmonic set. Since 
Pi, P2 and Qi, Q2 form a harmonic set, the lines C'Pi, CP2 and CQi, 
CQ2 form a harmonic set, by Th. 2 . But then, by Th. 1 , the points 
Pi, P2 and Qi, Qi form a harmonic set. 


c 



A 



In the case of a projection of a plane p on a plane p', we have merely 
to show that a harmonic set of four lines projects into a harmonic 
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set of four lines. Given, in Fig. 5 , that the four lines through P in 
the plane p form a harmonic set, to prove that their projections on 
p' — the four lines through P' — form a harmonic set. Since the four 
lines through P form a harmonic set, the four points in which they are 
cut by a transversal L form a harmonic set. Consequently, the four 
points in which the projection, L\ of L cuts the four lines through P' 
form a harmonic set. But then so do these lines themselves. 

The fact that harmonic division is a projective property could 
hardly have been foreseen from its definition. For this definition was 
based on the ratios of distances, and distance is, in itself, a metric 
property.* 

All previous projective properties were capable of dualization. 
Accordingly, it is natural to agree that a harmonic set of four points 
and a harmonic set of four lines shall constitute dual figures. Theorems 
1 and 2 are, then, dual theorems. 

EXERCISES 

1 . Three distinct lines, Li, L2 and Mi, through a finite point 0 , arc given. 
A line is drawn parallel to Mi meeting Li and L2 in Pi and P2. The mid- 
point of P1P2 is joined to O by the line M2. Prove that M2 is the fourth 
harmonic line to Li, L2 and Mi. 

2 . Three distinct points Pi, P2 and Qi are given, on a line L, Parallel 
lines, Li and L2, are drawn through Pi and P2, and a line is passed through Qi 
meeting L\ and L2 in Ai and A 2. The point on L2 is then marked so that 
Pz is the mid-point of A2P2, and AiBz is drawn meeting L in Qz. Show that 
Qz is the harmonic conjugate of Qi with respect to Pi, P2. 

6 . Harmonic Properties of the Complete Quadrilateral and Com- 
plete Quadrangle. Connected with the complete quadrilateral and 
the complete quadrangle are numerous harmonic sets of points and 
lines, which are of considerable importance in projective geometry. 

Complete Quadrilateral, Two vertices of a complete quadrilateral 
whose join is not a side of the quadrilateral are called opposite vertices, 

* The reader may have noticed that the development of the theory of 
harmonic division lacked unity and elegance in that first finite elements were 
considered and the results then extended to hold for ideal elements. The 
reason for this is now clear. We were really developing a projective property, 
but deemed it wise to base the development on the metric concept of dis- 
tance. It is only in the finite plane that distance is defined, whereas pro- 
jective properties must be defined throughout the extended plane. Con- 
sequently, the concept of harmonic division, developed first for finite elements, 
had to be extended to hold for all elements. 
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There are three pairs of opposite vertices: Pi, Pa; Qi, Qa; Ru Rt 
(Fig. 6). The three lines PiPa, QiQtt, PiPa, or p, q, r, determined by 
the pairs of opposite vertices 
are known as diagonals. 

Finally, the triangle PQR 
formed by the three diag- 
onals is called the diagonal 
triangle. 

According to Ch. Ill, § 5, 

Ex. 5, equations a = 0, = 0, 

7 = 0, 5 = 0 of the sides of 
the complete quadrilateral 
can be chosen so that 

( 1 ) oL+0-\-y + 8 = O. 

Making use of this iden- 
tity, we obtain two equations for each of the diagonals, as follows: 



p: 

a + /3 = 0 

or 

7 + 6 = 0, 

(2) 

r- 

+ 

II 

o 

or 

5+^ = 0, 


r: 

a + 5 = 0 

or 

j3 + 7 = 0. 


For example, since a + /3 = — (t + 5), the equations a + jS = 0 
and 7 + 6 = 0 represent the same line and this line is evidently the 
diagonal p. 

Consider now the two sides of the quadrilateral which intersect in 
Pi and the diagonal p which goes through Pj. The harmonic con- 
jugate of the diagonal, a + i3 = 0, with respect to the sides, a = 0, 
jS = 0, has the equation a — /3 = 0. What line is this? The figure 
suggests PiP, that is, the line joining Pi to the point of intersection 
of the other two diagonals, q and r. If this is correct, we should be 
able to show that a — = 0 is a linear combination of one of the 

equations of q and one of the equations of r. This it is, for 

a - /3 = (a + 7) “ 03 + 7)- 

Thus, we have established the following harmonic property of the 
complete quadrilateral. 

Theorem la. Two sides of a complete quadrilateral are separated 
harmonically by the diagonal through their point of intersection and the 
line joining their point of intersection with the point of intersection of the 
other two diagonals. 




60 


HIGHER GEOMETRY 


Let the reader now draw the line PiP, 

Since the pairs of lines at Pi form a harmonic set, the pairs of points 
in which they are cut by the diagonal r, namely i2i, R 2 and P, Q, 
form a harmonic set. Hence, we have 

Theorem 2 a. Ta^o opposite vertices of a complete quadrilateral are 
separated harmonically by the points in which their diagonal is met by 
the other two diagonals. 

Since Pi, Pa and P, Q form a harmonic set, the pairs of lines joining 
them to the point P form a harmonic set. Two of these lines, PQ 
and 7^P, are the diagonals p and q] the other two are the lines joining 
P to the vertices Pi, P 2 which lie on the third diagonal, r. 

Theorem 3 a. Two diagonals of a complete quadrilateral are separated 
harmonically by the lines joining their point of intersection with the 
vertices on the third diagonal. 


Complete Quadrangle, The results here are precisely the duals of 
those just established. 


Theorem 1 6. 7'wo vertices of a complete quadrangle are separated 
harmonically by the diagonal point on their side and the point of inter’* 
section of their side with the line joining the other two diagonal points. 


To prove the theorem, we do not 
have to duplicate, in the dual, the 
proof of Theorem la. We have to 
show, for example, that the two 
vertices lying on the side pa (Fig. 7) 
are separated harmonically by the 
diagonal point P and the point X in 
which P 2 meets the line p. But this 
follows immediately from the fact 
'that, in the complete quadrilateral 
consisting of the lines qi, ^ 2 , ri, r 2 , the 
sides $ 1 , qi are separated harmonically by p and r. 

The statement and proof of Theorem 2 6, the dual of Theorem 2 a, 
we leave to the reader. 





Theorem 3 b. Two diagonal points of a complete quadrangle are 
separated harmonically by the points in which their line is intersected 
by the sides passing through the third diagonal point. 
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EXERCISES 

1 . State and prove Theorem 2h, 2. Prove Theorem 36. 

3. Prove Theorem 1 6 analytically by dualizing the proof of Theorem 1 a. 

4. Let Af Bj C be three collinear vertices of a complete quadrilateral, and 
let M be the point which with C separates A and B harmonically. Prove that 
the line joining M with the vertex opposite to C goes through the point of 
intersection of the two diagonals which pass through A and B respectively. 
State the dual theorem. 


7. Construction of the Fourth Harmonic Element to Three Given 
Elements. Projective Criterion for Harmonic Separation. When 
three collinear points Pi, P 2 and Qi, are given, the point Q 2 which, 
with Qi, separates Pi, P 2 harmonically may be constructed in the 
following manner. 

On a line through Qi choose two points, A and C (Fig. 8), and draw 
the lines joining A and C to Pi and P 2 . Denote the new intersections 
of these lines by B and Z). Then the line ^ 

BD meets the line of the given points in 
the required point, Qz. For, Pi and P 2 are 
two diagonal points of the complete quad- 
rangle ABCDf and Qi and Q 2 are the points 
in which their line is intersected by the sides 
of the quadrangle through the third diagonal 
point. Consequently, by § 6, Th. 3 6, Qi, 
monically. 

The construction tells us that, if Pi, P 2 and Qi, Q 2 form a harmonic 
set, there exists a complete quadrangle ABCD with two sides passing 
through each of the points Pi, P 2 and one side through each of the 
points Qi, Qi- Theorem 3 6 of the preceding paragraph tells us, con- 
versely, that two pairs of points which have this relationship to a 
complete quadrangle form a harmonic set. 

Theorem 1 a. Two pairs of collinear points form q harmonic set if 
and only if there exists a cow,plete quadrangle with two sides through each 
of the points of the one pair and one side through each of the points of the 
other pair. 



Qi separate Pi, Pi har- 


We have in this theorem a criterion for a harmonic set of four points 
which is purely projective. If we had seen fit to develop the theory 
of harmonic separation without recourse to the metric property of 
distance, we might well have started with the content of this the<)rcm 
as the definition of harmonic division. 
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EXERCISES 

1. Give a construction for the fourth harmonic line to three given concurrent 
lines. 

2. State and prove the dual of Theorem 1 a. 

3. Prove: Two pairs of points form a harmonic set if and only if there exists 
a complete quadrilateral whi(;h has the points of the one pair as two opposite 
vertices, and the points of the other pair as the intersections of the diagonal 
of these vertices with the other two diagonals. State the dual. 

8. A Projective Generalization of a Metric Theorem. The reader ip 
familiar with the theorem to the effect that the medians of a triangle 
are concurrent. We propose to generalize this theorem, that is, to 
obtain a more general theorem of which it is but a special case. 

The mid-point of a side L of a triangle may be thought of as the 
harmonic conjugate, with respect to the vertices on L, of the point 
at infinity on L. The theorc'in of the medians may, then, be con- 
structed as follows. Start witli the points at infinity on the sides of 
the triangle and mark their harmonic conjugates with respect to the 
vertices — the mid-points of the sides; then the lines joining these points 
to the opposite vertices — the medians — are concurrent. 

Tlie points at infinity on the side^s of the triangle are three collincar 
points, one on each Ksidc of the triangle. If we take, instead of them, 
any throe distinct collincar points, one on each side of the triangle, the 
theorem still remains true. 

Thbokem 1. // t//rcc disii'tict points, one on each side of a triangle, 

are collincar, the three lines which join their harmonic conjugates, with 
respect to the vertices of the triangle, to the opposite vertices, are concurrent. 

Let PiP'zP’A be the given triangle, Q\, Qa, tlio three collincar 
points, one on each side, and R\, R^j Rs their harmonic conjugates 

with respect to tlio vertices, 
as shown in Fig. 9. 

The figure, w^hen accu- 
rately drawn, suggests that 
the sides of the triangle 
R^R^Rz intersect the corres- 
ponding sides of the given 
triangle in the points (?i. 
Q^t Q:(. If this is the case, 
the two triangles arc in the 
relationship of Desargues, the lines PiRu P-Mt, PJi^ joining corre- 
sponding verti(ies are concurrent, and the theorem is proved. 
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The figure actually states the facts. To show, for example, that 
Qi, Ri are collinear, we have merely to project the line ps, from 
Qij on the line p2. The points Pi, P2, and Qs project into the points 
Pi, Ps, and O2. Since R3 is the fourth harmonic point to Pi, P2 and 
Qsf it must project into the fourth harmonic point to Pi, Pa and 
Q2t that is, Rz. Consequently Qi, Ps, and P2 are collinear. 

It is to be noted that, whereas the theorem of the medians is a 
metric theorem, the generalization of it which we have established is a 
projective theorem. 

Converse of Theorem 1. If the lines joining three distinct points^ 
one on each side of a triangle, to the opposite vertices are concurrent, the 
harmonic conjugates of the three points, with respect to the vertices of the 
triangle, are collinear. 

Since, by hypothesis, Pi Pi, P2P2, P3P3 have a common point P, 
the points Qi, Q2, Q3 will be collinear if it can be shown that they are 
the intersections of the pairs of corresponding sides of the triangles 
P1P2P3 and P1P2P3. To prove, say, that P2P3 and P2P3 intersect 
in Qi, consider the complete quadrangle P1P2PP3. Two sides pass 
through each of the points P2, P3 and one side passes through the point 
Pi. Consequently, by § 7 , the sixth side, P2P3, must pass through 
the harmonic conjugate of Pi with respect to P2, Pa, that is, through 
Qi. Hence P2P3 intersects P2P3 in Qi, as desired. 

EXERCISES 

1. Dual of Theorem 1. If three distinct lines, one through each vertex of a 
triangle, arc concurrent, the three points in xchich their harmonic conjugates, with 
respect to the sides of the triangle, meet the opposite sides are collinear. Prove 
this theorem. 

2. What metric theorem results when the bisectors of the interior angles of 
the triangle arc taken as the three given lines? 

3. Show that the dual of Theorem 1 is essentially the same as the converse 
of Theorem 1. 

4. Give an analytic proof of Theorem 1. Take, as the coordinates of 
Pi» P2, P3, a : (ai, a2, Os), h, c. The coordinates of Qi, Q2, Qb will then be 
Bb — Cc, Cc ^ A a, Aa — Bb, where A, B, C are constants (Chr. Ill, § 7, 
Ex. 4). Hence Pi, P 2 , Pa will have the coordinates Bb + Cc, Cc + Aa, 
Aa + Bb. (Why?) 

Finally, find by inspection a point P whose coordinates are a linear combina-' 
tion of a and Bh + Cc, also of b and Cc + Aa, and finally of c and Aa -{■ Bb; 
or write the equations of the three lines PiPi, P2P2, PjPs and show them line- 
arly dependent. 



64 


HIGHER GEOMETRY 


5. Give an analytic proof of the dual of Theorem 1. 

6 . Prove that if three distinct points, one on each side of the triangle with 
vertices o, 6, c, are given, the lines joining the points to the opposite vertices 
are concurrent if and only if the coordinates of the points can be written in 
the forms Bb -|- Cc, Cc -f- Ao, Aa + Bh\ see Ex. 4. 

7. State the dual of the preceding theorem. 

8. If three distinct lines, one through each vertex of a triangle, are con- 
current, the harmonic conjugates, with respect to the sides of the triangle, 
of two of the lines intersect on the third. Prove this theorem. What metric 
theorem can be obtained from it as a special case? 

9. Show that if three lines, one through each vertex of a triangle, are con- 
current, their harmonic conjugates with respect to the sides of the triangle 
form a second triangle which is in the relationship of Desargues with the first. 

10. Construction of a complete quadrilateral with a given diagonal triangle. 
Show that, if Qi, Qs, Qz are three distinct collinear points, one on each side of a 
triangle, and Ah, Aa are their harmonic conjugates with respect to the 
vertices, then Q\^ Ai, O2, A2, and Q3, As are the pairs of opposite vertices of a 
complete quadrilateral whose diagonal triangle is the given triangle. 

11. Describe and justify the construction of a complete quadrangle with a 
given diagonal triangle. 

12. Prove that if three distinct points, one on each side of the diagonal 
triangle of a complete quadrilateral, are collinear, their harmonic conjugates 
with respect to the vertices of the quadrilateral are also collinear. 

Suggestion for an anal3'tic proof. Begin by assigning coordinates to the 
vertices of the diagonal triangle, and expressing, in teriiis of these coordinates, 
the coordinates of the vertices of the quadrilateral; see Kx. 10. 

13. Obtain a theorem concerning the mid-points of the diagonals of a com- 
plete quadrilateral from the theorem of Ex. 12. 
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1. Point Geometry and Line Geometry. In the geometry which we 
have thus far studied, the point has always been the fundamental 
element. It was to the point that we gave coordinates and it was as 
loci of points that we studied curves. 

We have learned, however, that the straight line, at least in so far 
as the principle of duality holds sway, is as important as the point. 
There must exist, then, in contrast to the familiar geometry of points, 
an equally significant geometry of lines: a geometry in which the 
line is the fundamental element. 

In this geometry the point must be thought of as defined by lines. 
In particular, since in point geometry a line is a range of points, in 
line geometry a point should appear as a pencil of lines. Later we 
shall learn to think of an arbitrary curve, from the point of view of 
line geometry, as defined, not by its points, but by its tangent lines. 

Our initial problem in the development of line geometry is to assign 
coordinates to the lines of the plane. 

2. Homogeneous Line Coordinates. We recall the theorem: 
Every linear homogeneous equation in a^i, 0 : 2 , Xs, 

( 1 ) aiXi + + a^xz = 0 , 

where ai, a 2 , ua are not all zero, represents a straight line, and con- 
versely. 

The equations 

(2) 2 — 3x2 + 4a:s = 0, 2rxi — 3 r X 2 + 4rx8 = 0, r 5*^ 0, 

represent the same line. Coordinates of this line must serve to dis- 
tinguish it from all other lines. The sets of coefficients in its equations 
surely do this. What simpler choice could we make, then, for the 
coordinates than these sets of coefficients? ^ 

Definition. The coefficients in an equation of a line shall constitute 
a set of homogeneous coordinates of the line. 

Thus, (2, — 3, 4), (4, — 6, 8), and (2 r, — 3 r, 4 r) are sets of homo- 
geneous coordinates of the line (2). The triples (ai, a 2 , az) and 
(rai, ra 2 , raz) serve the same purpose for the arbitrary line (1). 
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It is evident that every line has infinitely many sets of homogeneous 
coordinates, each two sets being proportional. Conversely, any three 
numbers, definitely ordered and not all zero, are homogeneous coor- 
dinates of a unique line. Thus, (2, 0, 3) are coordinates of the line 

2 oil + 3:^3 = 0. 

We shall use (ui, Ut, u^) to denote homogeneous coordinates of an 
arbitrary line and we shall call this line the line u. 

Theorem 1. The point x : (xi, X2, xz) lies on the line u : (wi, W2, Uz) 
if and only if 

(3) UiXi + U 2 X 2 + UzXb = 0. 

For, an equation of the line u is 

UiXi -j- U2X2 “h UzXz “ 0, 

where (Xi, X2, X3) are running coordinates,^’ and the point x lies 
on this line if and only if (3) holds. 

Definition. An equation in line coordinates of a given point is an 
equation in U\, 1/2, Wa which is satisfied by the coordinates of those and 
only those lines which pass through the point. 

Geometrically, the definition amounts to saying that, in line 
geometry, a point is to be thought of as a pencil of lines. 

According to Th. 1, the line u goes through the point (2, 1, 3) if 
and only if 

2i Ui -b “h 3 Ws = 0. 

Hence, this is an equation in line coordinates of the point (2, 1, 3). 

Theorem 2. An equation^ in line coordinates^ of the point 
a : (ai, a2, 03) is 

aiU \ + <12^2 + 03R3 = 0. 

Conversely, every linear homogeneous equation in Ui, U 2 , Uz, whose coef- 
ficients are not all zero, represents a point. 

The proof of the theorem is left to the reader. 

Analytic Duality between Point and Line. The fundamental aspects 
of point geometry and lino geometry are now before us. In point 
geometry a point has coordinates and a line an equation, whereas in 
line geometry it is the line which has coordinates and the point an 
equation in these coordinates. 

The two geometries are related by means of the all important con- 
dition (3) that the point x lie on the line u. The relationship is 
reciprocal, inasmuch as (3) is symmetric in the x’s and m’s- Not only 
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are the coordinates of a line the coefficients in its equation in point 
coordinates; the coordinates of a point are also the coefficients in its 
equation in line coordinates. Thus: 

Coordinates Equation 

Point a : (ai, a-j, az) a\Ui + + a^Uz = 0 , 

Line a : (ai, 02, as) aiXi + 02X2 + a^xz == 0 . 

The reciprocal relationship between point and line is an analytic 
reproduction of the geometric reciprocity between point and line. In 
other words, we have laid the foundation for an analytic duality cor- 
responding to the geometric duality with which we have long been 
familiar.* 


EXERCISES 

1 . What are the coordinates of the 2/-axis? The line at infinity? The line 
through the origin of slope 2? 

2. Identify in each case the line which has the given coordinates: 

(a) (1,1, -1); (b) (1, -1, 0); (c) (0,1,0). 

3. What does ea(!h of the following equations represent? 

2?/i — 3 Ui + W 3 = 0; U 2 — uz = 0; ui = 0. 

4 . What is the equation in line coordinates of the origin? Of the point at 
infinity in the direction of slope 1/2? 

3 . A Notation. The analytic geometry of the extended plane, as 
developed by means of homogeneous coordinates of points and lines, 
deals with ordered triples of numbers: (ai, a2, 03), (ji, .Ta, xz)t {^1} ^2, Uz)> 
Combinations of these triples which have proved important arc 

aiXi + 02X2 + ozXz, Ujxi + U2X2 + ^ 3 :^ 3 . 

Before proceeding further, it is wise to adopt a suitable notation for 
expressions of this type. 

If a : (ai, a2, Ua), 6 : (61, 62, 63) are two arbitrary ordered triples of 
numbers, we write for the expression 

aihi + 0262 “h a^bz 

/ 

the symbol (a|6), to be read ‘‘a into 

(a|h) = aihi -|- 02^2 + 03^3. 

* It ia not often that an idea can be ascribed to a single man with the assur- 
ance that the concept of the line as fundamental clement can be ascribed to 
Pluecker. In 1829 he introduced line coordinates — just as they are here 
defined — ^and developed the analytic duality between point and line. 
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The equation of the straight line a : (ui, a2, as) now becomes 
(a|x) = 0^ and the condition that the point x lie on the line u 
becomes {u\x) = 0. 

Exercise. Establish the following laws of operation for the symbol (a 1 6): 
(a|6) = (fe|a), (a + b\c) ^ (ole) + (6|c), 

{]ca\h) — k{a\h)y {ka + lb\c) = k{a\c) -f l(b\c), 
where k and I are simple numbers. 

4. Analytic Duality between Point and Line. We can best exhibit 
the completeness of the analytic duality between point and line by 
putting tlic results in parallel columns. 

Points Lines 

Coordinates Equations Coordinates Equations 

(au o,2t Os) (a I w) = 0 (oi, 02, as) (a | x) = 0 

{hi, &2, 63) (6 1 w) = 0 (bi, hi, 63) {h I x) = 0 

(ci, Co, C3) (c 1 w) = 0 (ci, C2, cs) (c I x) = 0. 

We have noted that in testing a number of lines for linear dependence 
it is immaterial whether we apply the test to the equations of the lines 
or to the sets of coefficients in the equations, now the coordinates of 
the lines. Similarly in the case of points, whether we use the coor- 
dinates or the equations is immaterial. 

Theorem 1 a. Two points are Theorem 1 h. Two lines are 

identical if and only if their coor~ identical if and only if their coor^ 

dinates or their equations are line- dinates or their equations are lin^ 

arly dependent. arly dependent. 

Theorem 2 a. Three points are Theorem 2 6. Three lines are 

collinear if and only if their coor- concurrent if and only if their coor- 
dinates or their equations are line- dinates or their equations are line- 
arly dependent. , arly dependent. 

We consider next the point of intersection of two distinct lines and 
the line joining two distinct points. 

Theorem 3 a. An equation of Theorem 3 h. An equation of 
the line joining the points a and b the point of intersection of the lines 
is a and b is 

= 0. |ua6| = 0. 

Coordinates of this line are Coordinates of this point are 

[oaftsl, |aj62|. [a 2 & 3 |, |ai62[. 
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The first part of Theorem 3 a is familiar. The second part follows 
from it, for the coefficients in the equation of a line are coordinates of 
the line and the coefficients of rci, Xz in \x a h\ *= 0 are precisely 
the two-rowed determinants 1 02 63 1 , | «3 61 1 , | ai 62 1 . 

It is worth while to give a second proof. According to the definition 
of the equation of a point, a simultaneous solution, other than 0, 0, 0, 
of the equations of the two points a and 6, 

Oi'Ui 02^2 "h o>zUz = 0, h\U\ -|“ hziiz -h hzUz = 0, 

is a set of coordinates of the line joining the two points. Hence, 
1 02 63! , 1 03 &i| , I &2I are coordinates of the line. 

Theorem 4 a. The general Theorem 4 h. The general 
point of the range determined by the line of the pericil determined by the 

distinct points a and b is k a -{-I b; distinct lines a and b is k a I b; 

or^ the equation of an arbitrary or^ the equation of an arbitrary 

point of the range determined by line of the pencil determined by 

the points (a\u) = 0, (6 1 u) = 0 the lines (a | x) = 0, (6 1 x) = 0 

is is 

A; (a 1 i I w) = 0. k {a\x) + l(jb\x) 0, 

The first part of Theorem 4 a and the second part of Theorem 4 b 
arc the previous forms of these statements. The other two parts follow 
directly from these two. For example, the equation of the point 
k a + I b is (k a + I b\u) = 0, and this reduces to k{a\u) -|- l{b | w) = 0. 

Before the introduction of line coordinates we had at our disposal 
only coordinates for points and equations for lines. We now have 
coordinates and equations for both. Whether we use coordinates or 
equations is in general immaterial. We might, if we desired, get along 
with coordinates alone. The following example illustrates this point 
of view. 

Example, Find the coordinates of the line which joins the point 
(1, 2, — 1) with the point of intersection of the lines (2, 1, 3), 
( 1 , - 1 , 0 ). 

An arbitrary line through the point of intersection of the two 
given lines has, by Th. 4 6, the coordinates (2 A; 4- Z, A; — 3 k)/ This 

line goes through the point (1, 2, — 1) if 

2/c + Z + 2(A; - Z) - 3A; = 0, 

that is, if k — l== 0, or if fc = Z = 1. Hence the required line is 
(3, 0, 3), or (1, 0, 1). 
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EXERCISES 

1. Find the coordinates of the line which joins the pointe 

3wi +4 7/2 — 11 7/8 =0, 57/1 — 37/2 + 7/8 = 0. 

2. Find the coordinates of the point in which the line (1, — 1, 2) is met by 
the line joining the points (3, 4, ~ 1), (5, — 3, 1). 

3. Find the coordinates of the line which goes through the point of inter- 
section of the lines (1, 1, 1), (2, 1, 3) and through the point 27/1+37/2+7/3 = 0. 

4. Prove one half of the triangle theorem of Desargues, using only coor- 
dinates of lines. 

5. Show that coordinates of the point in which the line joining the points a 
and b is met by the line c are (b\c)a — (a | c) 6. State the dual. 

6. Show that coordinates of the point in which the line determined by the 
points a and h intersects the line determined by the points c and d are 

\b c d\a ^ \ac d\b or \abd\c — \abc\d. 

5. Nonhomogeneous Line Coordinates. The nonhomogerieous 
coordinates (u, v) of the line (7/1, 7/2, 7/3) shall be defined as the ratios 

7/1 U2 

7/ = -- > v = — » 

7/3 7/3 

provided 7/3 9^ 0. Since 7/3 = 0, or 0 7/1 + 0 7/2 + ^3 = 0, is the 
equation of the origin, the lines for which 7/3 = 0 arc the lines through 
the origin. These lines have no nonhomogeneous coordinates.* 

If, ill the relation, 

UiXi + U2X2 + 7/3X3 = 0 , 7/3X3 9^ 0 , 

we divide by 7/3X5 and set u = ui/uzj v == x = xijxz^ y = X2/X3, 

we have 

ux + vy + 1 = 0, 

Theorem 1. A necessary and sufficient condition that the point 
(x, y) lie on the line (7/, v) is that 

(1) ux + vy + 1 = 0. 

From this condition follow the theorems: 

Theorem 2. The equation, in nonhomogeneous line coordinates, of 
the point (xo, yo)i not the origin, is 

( 2 ) x^u + y^v + 1 = 0 . 

* Compare the facts for point coordinates. The nonhomogeneous coor- 
dinates (x, y) of the point (xi, X2, Xz) are x — xilxz, y = x^/xz, provid(5d 
Tt 3^ 0. The points for which xs = 0, that is, the points on the line at in- 
finity, have no nonhomogeneous coordinates. 
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Theorem 3. The equation^ in nonhomogeneom point coordinalee^ of 
the line (tto, Vq), not the line at infinity^ is 

(3) X + t^o 2/ + 1 = 0. 


If ^^o t^o 5*^ 0, the line (3) has intercepts on the axes, namely, 


Then 



b = 


1 


Vo 



Vu = 


1 

b 


Hence, the nonhomogeneous coordinates of the line are the negative 
reciprocals of its intercepts on the axes. 


EXERCISES 

1, Show that the lines (wi, Vi) and (wa, vz) are parallel if and only if 
U 1 V 2 — U 2 V 1 = 0, and perpendicular if and only if U 1 U 2 + V 1 V 2 = 0. 

2, Show that, if the equations of the two distinct points Pi : (xi, 2/1), 
P 2 : {X2t 2/2) f-re written in the forms 

ot s xiUi + yiU2 + W 3 = 0 , ^ s X 2 W 1 + y2U2 + ws = 0 , 

the equation a — m /? = 0 represents the point which divides the line-segment 
P 1 P 2 in the ratio m* 

3. Prove that the points in which the bisectors of the exterior angles of a 
triangle meet the opposite sides are collinear. 

4. Show that, if a = 0, = 0 are as given in Ex. 2, the points ka — Iff = 0 

and la — k 13 = 0 are equally distant from the mid-j)oint of P 1 P 2 . Hence 
prove that, if three points, one on each side of a triangle, are collinear, the three 
points, one on each side, which are at the same distances as the given points 
from the mid-points of the sides, are collinear. 
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CROSS RATIO 

1. Cross Ratio of Four Lines. Characteristic of a harmonic set 
of four lines, Li, L2 and L3, L4, is that the quotient of the algebraic 
ratios in which L3 and Li divide Li, L2 is — 1. We shall now consider 
this quotient for any four concurrent lines, without restriction as to 
the value it may assume. The quotient is then known as a cross 
ratio, or anharmonic ratio, of the four lines. We shall denote it by 

(LiL2, L3L4). 

Definition. If Li, L2, Ls, L4 are four distinct concurrent lines, of 
which Li and L2 are finite, the cross ratio (L1L2, L3L4) is defined as the 
quotient: 

TT\_ Roiio in which Lz divides L\, L2 
' ^ ^ Ratio in which Li divides Li, L2 

Let Li, L2, Lz, Li have respectively the homogeneous coordinates 
a, b, a + \ib, a + X2&. The ratios, ni and jui*, in which Lz and Li 
divide Li, L2 are, according to Ch. IV, § 3, Th. 1, 



Hence, the cross ratio is 

(L1L2, L3L4) = - = • 

M2 A 2 

Theorem 1. If Li, L2, L3, Li have respectively the coordinates a, 
h, a + \ib, a + X26, then 

(2) (L1L2, L3L4) = XiXsCX, - X2) 0. 

A2 

Since the definition prescribes that the four lines be distinct, Xi 
and X2 cannot be zero or equal. Hence the cross ratio can never be 
0 or 1. 

The content of the theorem we take as the definition of the cross 
ratio in case one of the lines Li, L2 is the line at infinity. The fol- 
lowing theorems are then universally valid. 

Theorem 2. The pairs of concurreid lines Li, L2 and Lz, Li form 
a harmonic set if and only if 

(L1L2, LzLi) = — 1 . 
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Theorem 3. Interchanging the two pairs of lines does not change the 
cross ratio: 

L1L2) = (Z/iZ/ 2 , LiLi). 

In proving the latter theorem, we take the coordinates of the four 
lines as in Th. 1. To reverse the rdles of the two pairs, we set 

o' = a + \ib, 6' = o + X26. 

Then, 

(Xi — X2) o = — X20^ 4“ X16', (Xi — X2) b = a' b'* 

Thus, L3, L4, I/i, Z/2 have respectively the coordinates 


o', b\ 
Hence, by Th. 1, 



(L3L4, L1L2) 



X2’ 


Theorem 4. If three of the four lines and the value of the cross ratio 
(7^ 0, 1) are given, the fourth line is uniquely determined. 

For, if Li, L2 are given, the third known line determines one of the 
constants Xi, X2 whose quotient is, by (2), the given cross ratio, so 
that the other constant can be computed; the fourth line is then 
uniquely determined. On the other hand, if La, L4 are given, we have 
but to appeal to Th. 3 and reverse the order of the two pairs of lines. 

If the cross ratio defined by (1) is negative, the lines La and L4 lie 
in different pairs of regions bounded by Li and L2 (Fig. 1). It is then 
impossible to rotate a line of one pair continuously 
about C into coincidence with the other line of this 
pair without passing through one of the lines of the 
second pair. We express this fact by saying that 
the two pairs of lines separate one another. 

If the cross ratio is positive. La and L4 lie in the 
same pair of regions bounded by Li and L2. In 
this case, the two pairs of lines do not separate one another. 

Theorem 5. The pairs of lines Li, L2 and La, L4 separate or do not 
separate one another according as the cross ratio (L1L2, L3L4) is negative 
or positive* 

* The theorem has been proved only for the case in which the four lines in- 
tersect in a finite point. If the lines are parallel, their cross ratio is equal to 
the cross ratio of the points in which a common perpendicular intersects 
them. Hence, the theory of separation in this case, and also in the case in 
which three of the lines are parallel and the fourth is the ideal line, reduces 
to the corresponding theory for four collinear points. This is discussed in 
detail in the next paragraph. 



Fig. 1 
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EXERCISES 

1 . Find (L1L2, LJja) if Lu I's, L4 are respectively 

(а) a; — 2/ = 0, 2 a; -f- y - 0, a: -f ?/ = 0, 3 a; — y = 0; 

(б) 2a;i - a;2 -h a;3 = 0, 3a;i + a;2 - 2a;3 = 0, 7xi-a;2 = 0, 5a;i--a;3 = 0. 

2 . If Li, L3, Zv4 biive respectively the equations 2 a;i + a;2 — a;8 = 0, 

Xi — X2 + a;8 = 0 , a;i = 0 , and (L1L2, LJja) == — 2 / 3 , find the equation of L2. 


2. Cross Ratio of Four Points. The theory in this case is essentially 
the same as that for lines. 

Definition. If Pi, P2, Pa, Pa are four distinct collinear points, of 
which Pi and P2 are finite, the cross ratio (P1P2, P3P4) is defined as the 
quotient: 

__ Pflriio in which P3 divides P1P2 _ P3P1 f PaPi 
^ ^ Ratio in which Pa divides PiP 2 P3P2 / P4P2 

From Ch. IV, § 1 , Th. 2 wo conclude: 

Thp]okem 1 . If Pi, P2, Pa, P4 /ittyc the coordinates a, b, a + \ib, 
a + \2b, then 

(2) (P 1 P 2 , P,P4) = ^ . X,X2(X, - X 2 ) 0. 

A 2 


The content of the theorem we take as the definition of the cross 
ratio in case one or both of the points Pi, P2 are ideal. 

Theorem 2 . The pairs of collinear points Pi, P2 and P3, P4 form 
a harmonic set if and 07 ily if (P1P2, P3P4) = — 1 . 

Theorp:m 3. Inferchangmg the two pairs of points does not change 
the value of the cross ratio. 

Theorem 4. If three of the four points and the value of the cross ratio 
0 , 1 ) are given, the fourth point is uniquely determined. 

If Pi and P‘> are two points on a 
. circle, there are two continuous paths 
along the circle from Pi to P2, the 
paths (a) and (?>) in Fig. 2 . Simi- 
larly, when two points on an ex- 
tended straight line (a straight line 
inclusive of its ideal point) are given, 
there are two coritinuous paths along 
the line from one point to the other. In the figure, the one path (a) 
from Pi to P2 is along the line-segment P1P2, whereas the other path 



Pi 
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ih) extends to the left from Pi through the ideal point P«, and thus 
back to p2.* 

If the cross ratio (P1P2, P3P4) is negative, one of the points P3, P4 
lies on the one path, and the other on the second path, from Pi to 
Po, so that it is impossible to proceed continuously from Pi to P2 
along cither path without passing through P3 or P4. Similarly, when 
the roles of the two pairs of i)oints are reversed. We say, then, that 
the two pairs separate one another. 

If the cross ratio (P1P2, P3P4) is positive, the points P3, P4 both 
lie on the same path from Pi to Po, and the two pairs of points do not 
separate one another. 

Theorem 5. The pairs of points Pj, P^ and Ps, P 4 separate or do 
not separate one another according as the cross ratio (P1P2, P3P4) is 
negative or positive.^ 


EXERCISES 

1 . If Pi, P2, P3, Pa have the coordinates (1, 2), (2, 3), (5, 6), (—2, 1), 

find the cross ratio (P1P2, PnP4), (a) by finding the ratios in which P3 and P4 
divide P1P2; {h) by finding the ratios in which Pi and Pi divide P3P4; (c) by 
expressing the homogeneous coordinates of P3 and P4 as linear combinations 
of those of Pi and P2. 

2. if Pi, P 2 , Pa have the coordinates (1, 1, 1), (1, — 1, 1), (1, 0, 1) and 
(Pip 2 , P 3 P 4 ) “ 2, find the coordinates of P 3 . 

3. Show that, if P4 is the [loiiit at infiiiily on the lino of the finite distinct 
points Pi, P‘i^ Pz, the cross ratio (P1P2, PJ\) is equal to the ratio in which 
P3 divides tlic liiK^-scgincnt Pi/^2. 

3. Cross Ratio a Projective Property. The crux of the proof that 
cross ratio, even though originally defined in terms of distances, is 
preserved by all projections consists in establishing the following 
theorem. 

Theorem 1. If P1P2, P^Pa are four distinct collinear points lying 
respectively on the four distinct concurrent lines Li, L-iy Z/3, La, then 

L3P4) = (P1P2, P3P4). 

/ 

* The question of the continuity of path (6) is discussed in detail in Ch. IX, § 1. 

t If Pi, P2, P3, Pa are points at infinity, the cross ratio (P1P2, P3P4) is 
equal to the cross ratio (L1L2, L3P4) of the linos Li, L2, L3, L^ joining Pi, P2, 
P3, Pa to a finite point, as will be proved in the next paragraph. Consequently, 
if we agree that the pairs of points Pi, Pi and P3, P4 separate or do not sejiar- 
ate one another according as the pairs of lines Pi, and P3, separate or do 
not separate one another, Theorem 5 is valid without exception. 
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The theorem may be established by the method of Ch. IV, § 5. 
By means of it we can prove, after the manner of the corresponding 
proof in the case of harmonic division, that cross ratio is a projective 
property. We leave the details to the reader. 

The dual of four distinct collinear points is four distinct concurrent 
lines. We now agree, further, that the dual of the fact that the four 
points, in a given order, have a certain cross ratio, is that the four 
lines, in the corresponding order, have the same cross ratio, and vice 
versa. 


4. Formulas for Cross Ratio. The following table gives the values 
of the cross ratio (EiEo, E 3 E 4 ) for various forms of the coordinates of 
four distinct elements, Ei, E^y E 3 , E^y of a range of points or a pencil 
of lines. 



El 

Ez 

Ez 

E 4 

(1) 

a 

b 

CL “b X16 

a + }i 2 b 

( 2 ) 

a 

b 

kid + hb 

kzd + hb 

( 3 ) 

CL + X16 

CL “ 1 “ 

d “{“ Xsh 

a *b X4h 

( 4 ) 

kia + hb 

kzd 12b 

kzd “b hb 

k^d "b ^4^ 


{E 1 E 2 J E^Ei) 

— 

X 2 

k\l2 

(X3 ““ Xi)(X4 — X2) 
(X3 — X2)(X4 — Xl) 

\k,U\‘\Ju h] 

I ^3 ^2 1 * I ki li j 


In case (4), for example, is the determinant k^h — kiU. 

Case ( 1 ) has already been treated. The value of the cross ratio in 
(2) is found by applying ( 1 ). In the same way, (4) follows from (3). 

To establish (3), rewrite the coordinates of the elements in the form 
( 2 ). Set 

a + X 16 = a'y a + X 26 = h'y 


solve these symbolic equations for a and b in terms of a' and b\ and thus 
express the coordinates of Ez and E 4 as linear combinations of a' and 
6 '. Coordinates of the four elements, thus obtained, are 


a\ b', (X 3 - X 2 ) a' - (X 3 - Xl) h\ (X 4 - X 2 ) a' - (X 4 - Xi) h'. 

Application of (2) yields the result listed in (3). 
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EXERCISES 

1. Deduce the value of the cross ratio in (4). 

2. Show that if Xi, Xi, Xs, X4 are the abscissas of four distinct points on the 
axis of Xf 


(P1P2, P3P4) 


(xa - a;i)(x4 -• X 2 ) ^ 
(Xa - X2)(X4 - Xi) * 


3. The slopes of four distinct lines passing through a finite point are Xi, 
Xs, Xa, X4. Prove that 


(L1L2, LzLi) 


(Xa — Xi)(X4 — X2) ^ 
(X3 ■— X2)(X4 — Xi) 


4. If (xi, yi)j (Xi, ^2), (xa, I/a), (X4, y*) are four distinct collinear points, show 
that 

fUTi T> Ti \ Xi)(X4 X 2 ) ; 

provided the line of the four points is not parallel to the 2/-axis. What does 
the result become if homogeneous coordinates, a : (ui, 02, aa), 6, c, d are 
introduced for the four points? 

5. Prove that, if o, 6, c, d are four distinct lines through a point which does 
not lie on the axis of x, their cross ratio, in the order given, is 


[ctaal • Idi&al ^ 

I Cl 63 1 • i di aal ’ 

where IciUal, for example, is Cias — CaOi. 

6. Four points a, 5, c, d, not necessarily collinear, determine with a fifth 
point r four distinct lines Li, L2, Ira, L 4 . Show that 


{LiL2t LzLa) 


|c fl r| » |d h r| 
|c 6 r| • |d a r I 


Suggestion. Make use of Ch. V, § 4, Ex. 6. 

7 . Show that, if we give to each of four concurrent lines Li, L2, La, La a 
sense and understand by (LJji), for example, the directed angle through which 
Li must be rotated in order that it coincide in position and sense with Li, then 


_ sin (I/aLi) sin {L4L2) 
sin (LaL2) sin \,L 4 Li) 


It is assumed, of course, that the lines concur in a finite point. 

8. Prove that the cross ratio of the four lines joining four given points on a 
circle to any fifth point on the circle is constant. 


/ 

5 . The Twenty-Four Cross Ratios of Four Elements. Four distinct 
elements, four collinear points or four concurrent lines, can be 
arranged in twenty-four orders. Consequently, they have twenty- 
four cross ratios. We proceed to discuss the relationships between 
these cross ratios. 
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It is natural to pick out one cross ratio and determine the relations 
of the others to it. Arrange the four elements in an arbitrary but 
specific order and call them, in this order, Ei, E 2 , E^, E 4 , If coor- 
dinates for them are taken in the forms 


o + X16, a “b X2h, a + X36, a -b X46, 


the cross ratio {EiE^, E-aEa)^ which we shall now write more simply as 
(1 2, 3 4), has the value 


( 1 ) 


(1 2, 3 4) 


(X3 — Xi)(X 4 — X2) 
(X3 — X2)(X4 — Xl) 


We have already proved 

Theorem 1. Interchanging the two pairs of elements does not change 
the cross ratio: 

(3 4, 12) = (12,3 4). 


Our experience with harmonic sets suggests 

Theorem 2. The reversal of the order in both pairs does not change 
the cross ratio: 

(2 1,4 3) - (J 2,3 4). 


The theorem is true, for if in (1) we interchange 1 and 2, and also 3 
and 4, the result is 


(2 1, 4 3) 


(X4 - X 2 )(X 3 - X,) 
(X4 - X0“(X3 ~ X2) 


(1 2, 3 4). 


It now follows that the twenty-four cross ratios fall into six sets of 
four each, so that the four cross ratios in a set are all equal. For 
example, 

(2) (1 2, 3 4) = (3 4, 1 2) = (2 1, 4 3) = (4 3, 2 1); 

(3) (2 1,3 4)= (3 4, 2 1) = (1 2, 4 3) = (4 3, 1 2). 

Theorem 3. The reversal of the order in one pair changes the cross 
ratio to its reciprocal: 


(2 1, 3 4) = 


1 

(1 2, 3 4) ■ 


The proof of the theorem is similar to that of Theorem 2. 

Thus far, we have kept the pairs intact. Let us now split them 
and consider, for example, (1 3, 2 4) and (1 4, 2 3). It is readily 
found that, if we denote the value of (1 2, 3 4) by a: 

(1 2, 3 4) = a, 



then 

(4) 


CROSS RATIO 


79 


(1 3, 2 4) = 1 - a, (1 4, 2 3) == . 

These results, in conjunction with Theorem 3, enable us to write 
down the value of a representative cross ratio of each of the six sets: 

(1 3, 2 4) = 1 - a, (1 4, 2 3) = . 

(31,24) (41,23) 

For example, the four cross ratios in (2) all have the value a and the ' 
four in (3) the value l/a. 

Suppose that the four elements form a harmonic set when Ei is 
paired with E 2 and Fa with E 4 : {E 1 E 2 , E^Ea) = — 1. Then the six 
cross ratios in (5) are found to be equal in pairs, to — 1, 2, and 1/2, 
respectively. Conversely, if a has one of these three values, two of 
the cross ratios in (5) are — 1 and the four elements, properly paired, 
form a harmonic set. 

Theorem 4. A necessary and sufficient condition that Jour elements 
can he so paired that they form a harmonic set is that a random cross 
ratio have one of the values^ — 1, 2, or 1/2. 

It is only when the four elements, properly paired, form a harmonic 
set that the six cross ratios in (5) fail to be distinct. For, it is readily 
shown that the only real solutions, other than a = 0 or 1, of the equa- 
tions obtained by equating the value, a, of the first cross ratio to that 
of each of the other five in turn, are a = — 1, 2, and 1/2, It is un- 
necessary to equate the values of each two cross ratios, inasmuch as 
(12, 3 4) was an arbitrary cross ratio of the original twenty-four* 

We summarize our results in the following theorem. 

Theorem 5. The twenty-four cross ratios fall into six sets of four 
each. The four cross ratios of a set have the same value. The six values 
are all distinct unless the four elements, properly paired, form a harmonic 
set. / 

EXERCISES 

1 . Establish the results expressed in equations (4). 

2. Show that if Ei, E 2 , Ez, Ei, Ez are distinct concurrent lines, or distinct 
colUnear points, 


(1 2 , 3 4) = a, 
(21,34) 


(1 2, 3 4)(1 2, 4 5)(1 2, 5 3) - 1. 
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6. Applications of Cross Ratio. The Theorems of Menelaus and 
Ceva. Let Pi, P 2 , Ps be the vertices of a triangle, and let Qi, O2, Os 
be three collinear points, distinct from the vertices and lying one on 
each side, Qi on P 2 P 3 , Q 2 on PaPii and Qs on PiP*. Mark three other 
points, Oi, Q 2 , Qs, one on each side of the triangle and distinct from 
the vertices, and form the cross ratios: 

( 1 ) (P2P3, Q'lQi) = All, (P3P1, Q2Q2) = k2, (P1P2, Q'zQs) = k,. 

Theorem 1, A necessary and sufficient condition that the points 
Q 2 , Qi be collinear is that the product of the three cross ratios he equal 
to unity: kje^kz = 1. 

Let Pi, P 2 , Pa have the coordinates a, 6, c. By Ch. Ill, § 7, Ex. 4, 
the coordinates of Qi, Q 2 , Qa can be written in the forms 

Bh — Cc, Cc — Afl, Aa — 

where, since Qi, Q 2 , Qs are distinct from the vertices, no one of the 
constants A, P, C is zero. Coordinates for Qi, Qi, Qa are then found, 
by taking account of (1), to be 

Bh — fciCc, Cc — k 2 Aaf Aa ^ k^Bh. 

These points are collinear if and only if three constants m, n, 
not all zero, exist so that 

l{Bh — kiCc) + m(Cc — k^Aa) + n{Aa — ktBh) = 0, 
or 

{n — k 2 fn)Aa + {I — kzn)Bh -h (w — kil)Cc = 0. 

This symbolic equation, since a, h, c are not collinear and ABC ^ 0, 
is equivalent to the three equations 

— k 2 ni -h n = 0, 

I — k^n == 0 , 

— kil rn = 0. 

A condition necessary and sufficient that these equations have a 
solution for Z, m, n, not 0, 0, 0, is that the determinant of their coef- 
ficients vanish. But this condition reduces immediately to kMcs— 1. 

Theorem 2. The lines, PiQi, P 2 O 2 , PaOs, joining the points Q[, Q 2 , 
Qa to the opposite vertices of the triangle are concurrent if and only if the 
product of the three cross ratios is — 1: kik 2 kz = — 1. 

The proof is left to the reader. 



CROSS RATIO 


81 


If Qi, Qit Qi are the points at infinity on the sides of the triangle, 
kiy k2, kz are respectively the algebraic ratios in which Qi, Qi, Qi 
divide the sides P2P3, P3P1, P1P2; see § 2, Ex. 3. Theorems 1 and 2 
then became the classical theorems of Menelaus and Ceva. 

Theorem of Menelaus. Three points, one on each side of a triangle 
P1P2P3, CLre collinear if and only if the product of the algebraic ratios 
in which they divide the sides (P2P3, P3P1, P1P2) is unity. 

Theorem of Ceva. A necessary and sufficient condition that the 
lines which join three points, one on each side of a triangle, to the opposite 
vertices he concurrent is that the product of the algebraic ratios in which 
the three points divide the sides be — 1 . 


As an application of the Theorem of Menelaus we establish an 
interesting property of the complete quadrilateral. 

Theorem 3. The mid-points of the diagonals of a complete quadri- 
lateral {with finite vertices) lie on a line. 


Let P, Q, R be the mid-points of the diagonals and P', Q', R', the 
mid-points of the sides of the triangle PiQiRi, as shown in the figure. 


Since P', Q', and P are the mid- 
points of the lines which join Pi with 
Qi, R\, and P2, the point P lies on 
the line 2^'Q'. Similarly, R lies on 
Q'P', and Q on P'P'. Thus, P, R, 
Q lie respectively on the sides of 
the triangle P*Q'R\ Therefore, if 
we can show that 

( 2 ) ^ j 

^ PQ' RP' QP' 



it will follow that P,Q, P are collinear. 

We note that P2, Q2, P2 are collinear points, one on each side of the 
triangle PiQiPi. Hence 


P2Q1 Q2P1 R'lP 1 
P 2P1 Q2P I R2Q1 


Since the line PQ'R' is parallel to the line P2P1Q1, it follows that 


P2Q1 


PP' 


P2R1 PQ' 
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In the same way, 

elpT ^1 ^ 

Consequently, (3) reduces to ( 2 ) and the theorem is proved. 

EXERCISES 

1 . Prove Theorem 2. 

2 . State the theorem which is the dual of Theorem 1 and show that the proof 
of Theorem 1 can be reinterpreted as a proof of the dual theorem. 


7. Cross Ratios, When the Four Elements are Not Distinct, 
means of the formula. 


(1 2, 3 4) 


(X3 — Xl)(X 4 ~~ X2) 

(Xa -X2)(X4 -XO' 


By 


for the cross ratio (EiEi, E^Ea) of the four distinct elements a+Xi 6 , 
a + X 26 , a + Xa 6 , a + the following limits are readily established: 


(1) lim (1 2, 3 4) = 1, lim (1 2, 3 4) = 0, lim (1 2, 3 4) = 00 . 

Ei-^Ei Ei—*‘Ei 

On the basis of these results we adopt the definitions:* 

( 2 ) {EiE^y E^Es) = 1 , (E1E2, EzE2) = 0 , {EiE^i EzE\) = 00. 

Definitions covering the remaining cases in which two of the ele- 
ments are the same may be arrived at by noting that, since Theorems 
1, 2 of § 5 are always true for four distinct elements, they remain valid 
when two of the elements coincide. For example, since (^ 3 ^ 4 , E 1 E 2 ) 
is equal to {E 1 E 2 , E 3 E 4 ), we define: {E^Ezt E 1 E 2 ) = 1. 

The recognition of 0 and 1 as values of a cross ratio removes the 
restrictions from Theorems 4 of §§ 1, 2. We can now say, for example: 

Theorem 1. If Pi, Pj, Ps are distinct collinear points, there exists a 
unique point P on their line foir which (P 1 P 2 , P 3 P) has a prescribed 
value, defined or infinite. In pdrticular, according as oo,t 0, or 1 is 
prescribed, P is Pi, P 2 , or P 3 . 

Three of the four elements coincide only when the elements of one 
pair coincide with one of the elements of the other pair. Let us allow 

* Strictly speaking, only the first two of equations (2) represent definitions. 
We mean by the third: (P 1 P 2 , E^Ei) = 00 , merely the last equation of (1), 
that is, that {EiEz, E^Ea) becomes infinite when E 4 approaches Ei as a limit. 

tThis means that when the prescribed value, thought of as variable, 
becomes infinite, P approaches Pi as a limit. 
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Ez and E4 to approach E2 in that we set 

X3 = X2 + X4 = X2 + Vf 


and eventually allow both € and rj to approach zero. 
(1 2 , 3 4 ) becomes 


(1 2 , 3 4 ) 


X2 -- Xi + 6 V ^ 

X2 — Xi + 97 € 


The cross ratio 


The limit of the first quotient, as c and 97 approach zero, is unity; 97/e 
is, however, the ratio of two independent infinitesimals and can be 
made to approach any preassigned limit or to become infinite by 
properly controlling these infinitesimals. 

The situation is similar, if we let Es and £^4 approach j&i, or if we 
let three of the elements approach the fourth. Accordingly, we 
refrain from defining the cross ratio in all these cases. 


EXERCISES 

1. Establish the limits in (1). 

2. By means of limiting processes, justify the definitions: 

(EiEi, EiE,) = 1 , (E1E2, EiEz) « 0 , {EiEz, EtEi) = 00 . 
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TRANSFORMATIONS 

Rigid motions and projections are examples of operations which are 
technically known as transformations. We have recognized their 
importance as a basis for classifying geometric properties. We 
proceed now to study them intensively. 

A. Rigid Motions * 

1. Simple Rigid Motions of the Plane. Translations. A trans- 
lation of a plane consists in moving each point in the plane a given 
distance in a given direction. It is completely 
determined by a directed line-segment, AA\ in 
the plane, the direction of A A' giving the direc- 
tion of the translation and the length of AA' the 
amount. If the projections of A A' on the axes are 
a and i/, and the translation carries the arbitrary 
point P : (r, y) into the point P' : (x', i/)^ then 

x' = X + a, y' - y + b. 

Tliese equations are called the equations of the translation. 

Rotations. We consider first the rotation of the plane about the 
origin through the algebraic angle 6. Let the rotation carry the 
point P : (x, y) into the point P' : (x', i/) and 
tiie projection, M, of P on the axis of x into 
the po int M \ Then OM = OM' = x and 
MP = M'P' = y. Evidently, ' 

Proj OP' = Proj OM' + Proj M'P'. 

Taking the projections, first on the axis of x 
and then on the axis of y, we obtain as the equations of the rotation 

(2) x' = X cos S — 2/ sin y' = xsind + y cos d. 

In a similar manner the equations of the rotation about the point 

* In this part of the chapter we shall restrict ourselves to the finite plane. 
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(iCo, Vo) through the angle 6 are found to be 

.... x' - Xo= (x - Xo) cos 6 — {y - yo) sin 6, 

2/' - 2/0 = (a; “ Xo) sin 6 + {y - yo) cos 6 , 


Example. Let it be required to find the equation of 
the parabola C\ with vertex at the origin, latus rectum 
of length 2, and axis inclined at an angle of 30° to the 
axis of O', as shown in Fig. 3. 

The parabola C' cun be obtained by rotating the 
congruent parabola C of the figure about the origin 
through 30°. The equation of C is 

2/2 = 2x. 

The rotation is 



x' = ^ V3 X “ 2 y, y' = ^ X + ^ Vs y. 


Solving these equations for x, y in terms of x\ ?/: 

X = + -2 2/'. y= -ix' +■l^I3y', 

and substituting in the equation of C, we obtain the equation of C': 

(- i x' + iVi} y'r - 2 (i V3 x' 4- i y') = 0, 
or 

x'* - 2V3 xV + 3 2/'" - 4V3x' - 4 j/' = 0. 


EXERCISES 

1 . Show that there is a unique translation which carries a given point into 
a prescribed point. Find the eciuations of the translation which carries the 
point (2, 3) into the point (0, — 1). Apply this translation to the curve 

2/* - X -Sy-J- 18 = 0. 

2. Show that there is a unicpie rotation about a point Po which carries a 
given point A into a prescribed point A\ provided P^A = PqA'. Find the 
equations of the rotation about the origin which carries the point (3, 1) into 
the point (— 1, 3). 

3. Rotate the hyperbola x? — if = through 45® about the origin. 

4. Find the equation of the ellipse, center at the origin, with semi-axes 3 
and 2, and with the line x — 2 7 / = 0 as transverse axis. 

5. Prove both geometrically and analytically that, if an arbitrary line is 
rotated about a point through the angle the angle from this line to the new 
line is equal to 0. 
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2. Product of Two Transformations* Inverse of a Transformation. 

Example. Find the equation of the ellipse C' whose center is at the 
point (4, 6), whoso semi-axes are of lengths 3 and 2, and whose trans- 
verse axis has the slope unity. 

Congruent to the ellipse C' is the ellipse 
C: 4 -i- 9 2/2 = 36, 

with center at the origin and axis of x as 
transverse axis. To obtain the equation of 
C', we shall rotate C about 0 through 45° 
into the ellipse C and then translate C into 
C', as indicated in Fig. 4. 

The equations of the rotation carrying 
P : (x, y) into P : (x, y) are 

Ti: x=^yl2{x-y), p=^V2(x + ?/). 

Those of the translation carrying P : (x, y) into P' : (x', y') are 
T 2 : x'* = X 4- 4, 2 /' = 2 / + 6. 

By the methods of § 1 wo readily show that the rotation Ti carries 
the ellipse C into 

C: 4(x + yP -h 9(x - 2/)^ = 72, 

and that the translation Ta carries C into 

C': 4(x' + 2 / - 10)* 4- 9(x' - 2 / 4- 2)* = 72. 

Expanding and collecting terms, we obtain as the required equation 
13 x'" - 10 x'?/ 4- 13 ?/" - 44 x' - 116 2 /' + 364 = 0. 

Alternative Procedure. If we substitute for x, y in T 2 their values 
from Ti, we obtain a transformation T, 

Ti x' = ^V2 (x - 2 /) 4* 4, 2 /' = ^V2 (x 4- ?/) 4- 6, 

which carries P : (x, y) directly into P' : (x', 2 /') and hence should 
carry C directly into C'. As a matter of fact, if we solve the equa- 
tions of T for X, y: 

X = iV2 (x' 4- 2 /' - 10), 2/ = - JV 2 (x' “ 2 /' 4- 2), 

and substitute in the equation of C, the result is the equation of C*. 

Product of Two Transformations. The two procedures may be 
represented by the following diagrams: 

Ti _ Ti T 

P P ^P'; P ^P'. 
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Evidently, T is the transformation which results from carrying out 
successively the transformations T\ and Technically, it is known 
as the product of these transformations. We express its relationship to 
them by writing, symbolically, 

T = 

The product of two numbers is commutative, that is, independent 
of the order of the factors. Is this also true of transformations? 
Will the transformation TiT 2 i the result of following Ti by T' 2 , be the 
same as the transformation the result of following T 2 by Ti? 

Suppose that, in our example, we first translate C into C and then 
rotate C into C'", using the same translation and rotation as before. 
Will C" be the same as (77 Even a rough figure will give the 
answer: No! 

Analytically, we have as the translation T 2 , carrying (x, y) into 
(ic, y): 

X = X + 4, y - y + Qy 
and as the rotation Ti, carrying (x, y) into (x", y") : 

x" = §V2 (J - y), V" =\^{x + V). 

Eliminating the intermediate variables x, y, we obtain as the product 
T^Ti: 

x" = jVi {x - y - 2), y" = (x + y + 10). 

Evidently, this product T 2 T 1 is different from the previous product 
T 1 T 2 . 

The result here is typical. The product of two transformations is, in 
generaly not commutative. 

Inverse of a Transformation. The inverse of a transformation T 
is the transformation which undoes the work of T, in that it carries 
all points back into their original positions. Thus, the inverse of the 
translation defined by a directed line-segment is the translation 
defined by the same line-segment oppositely directed. 

If one transformation is the inverse of a second, the second trans- 
formation is the inverse of the first. The two transformal^ions are 
reciprocally related. This relationship is analogous to that of a 
number, not zero, and its reciprocal. Accordingly, it is natural to 
denote the inverse of a transformation T by the symbol 7"^ To 
express the fact that the inverse of is T, we have = T, 

an equation which is actually in agreement with the laws of algebra. 
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The product of two numbers which are reciprocals of one another is 
unity. Similarly, since each of two transformations which are inverses 
of one another undoes the work of the other, their product, in either 
order, is the identical transformation /, 

X* = X, 1 / = y, 

which leaves each point unmoved. Symbolically, 

TT-^ = / or T-iT = 1 , 

Here again, if we think of / as symbolic for unity, the laws of algebra 
are preserved. 

If a transformation T carries the arbitrary point P : {x, y) into the 
point P' : (x\ ?/'), the inverse of T carries P' : {x/j y') back into 
P : (x, ?/). Hence, the equations of the inverse of T can be found, in 
general, by solving the e(iuatioiis of T for x, y in terms of x', y\ For 
example, if T is the rotation 

T: x' = X cos 0 — ?/ sin 0, y' = x sin 6 + y cos d, 

the inverse found in this way, is 

T'*: X = x' cos 0 + y' sin 0, y = — x' sin 0 + y' cos B. 

EXERCISES 

1. If Ti and T 2 are x' - x — 2, y' = 2 / -h 1 and x' = — y/, y' = x, find 
the products Ti7\ and T 2 T]. 

2. Verify, aniilytic^ally, that TT~^ — 1 in the case of the rotation about 0 
through the angle 0. 

3. J^'ind the etpiation of tlie hypcrlwla which has its center at (1, — 2), 
major and minor axes of lengths 4 and 6, and transverse axis of slope — 3 / 4 . 

4. Associative Lair for the Product of ^'ransjormalicyiis. The product of three 

transformations Ti, T^y 7\ in the <irder given can be found in two ways, whi(;h 
are symbolized by {TiT^YFz and Ti{T 27 \), In the first case, we form 'I'lTz 
and then take the product of TYF-i. and Tg; in th<‘ second, wt. form 7\Ti and 
then take the pr(>duct of Ti and The tw^o transformations which result 

arc always the same: 

{TyT2)Tz = 

and hence can be denoted simply by T 1 T 2 T 3 . 

Verify the law when Ti and T 2 are the transformations of Ex. 1 and Tg is 
the translation : x' - x + 3, y' = y — 2. 

5. Show that the product of two translations is always commutative. 

6. Show that the jiroduct of two rotations about the origin is always com- 
mutative. 

7. Is the product of a translation end a rotation ever commutative? 
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3. The General Rigid Motion of the Plane. We inquire whether, 
in the translations and rotations, we have all the rigid motions of the 
plane. 

We consider, first, the number of pairs of corresponding points 
necessary to determine completely a rigid motion. One pair. A, A', 
is not enough; for, after the plane has been moved so that A coincides 
with A', it can still be rotated at will about A'. 

Two pairs, A, A' and R, R', chosen so that the corresponding dis- 
tances AR and A'R' arc equal, arc enough; for, once the plane has been 
moved rigidly so that A and R coincide respectively with A' and R', no 
further motion is possible.* 

Theorem 1. There exists a unique rigid motion which carries two 
given points A, R into two specified points A', R', provided that the 
distance A^IV is equal to the distance AR. 

Let us now consider an arbitrary rigid motion R, and think of it as 
determined by two pairs of corresponding points. A, A' and R, R', 
where AR = A'R'. 

We can show that R is, for example, a rotation, if we can exhibit a 
rotation R which carries A into A' and R into R'; for, R and R would 
both carry A into A' and R into R', and hence, by Th. 1, would be 
identical. 

If there exists a rotation carrying A into A' and R into R', its center 
must be in the point C (Fig. 5) in which the perpendicular bisectors, 

c 




a and &, of A A' and RR' intersect. The existence of the rotation is, 
then, assured if the angles ACA' and RCR' are equal, both in mag- 

* In this connection it is well to emphasize the fact that a transformation 
takes into account only the initial and final positions of the points in the plane. 
The paths from the initial to the final positions are immaterial. In the case 
of the rigid motion which carries A into A' and B into B\ there are infinitely 
many ways in which the plane can be moved from the initial to the final posi- 
tion. The rigid motion, however, is unique, since the final position of the 
plane is uniquely determined. 
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nitude and sense. That this is true follows immediately from the 
fact that the triangles ACB and A'CB' have their corresponding sides 
equal. Hence S is a rotation. 

We assumed in this discussion that a and b, and hence A A' and 
BB't were not parallel or identical. Suppose that A A' and BB' are 
parallel. Mark A, A'j and R, as shown in Fig. 6. Since A'R'=i4R, 
R' can have either of the two positions, B\ and Ri.* If B' is in the 
position R'l, S is the rotation about C through the angle indicated. 
If R' is in the position Ri, S is the translation represented by the 
directed line-segment AA\ 

The case in which the lines A A' and RR' are identical lends itself 
to similar treatment. The details are left to the reader. 

Wo have now considered all possibilities, and have found that S 
is always either a rotation or a translation. 

Theorem 2. A rigid motion is either a translation or a rotation. 

All rigid motions are, therefore, given by equations (1) and (3) of 
§ 1. To obtain a single pair of equations representing them all, we 
proceed in a slightly different fashion. 

Consider once more the arbitrary rigid motion S, If A B and A'R' 
are parallel and have the same sense, S is evidently a translation. 

Suppose that AB and A'R' are not par- 
allel with the same sense. Let 6 be the 
angle from the line AR, directed from 
A to R, to the line A'R', directed from 
A' to R', and let the rotation R about 
0 through the angle 6 carry A and R 
into A and R. Either A and R coin- 
cide respectively with A' and R', or AR 
and A'R' are parallel and have the same 
sense; see § 1, Ex. 5. In the first case, S is the rotation R; in 
the second, S is the rotation R followed by the translation which 
carries A, R into A', R'. 

Theorem 3. A rigid motion is a rotation about the origin followed by 
a translation^ or either alone. 

The product of the general rotation about 0 and the general trans- 
lation: 

X = X cos ^ — y sin x' = X + a, 

y = X sin $ A- y 008 d, y' = y + b^ 

• Unless AB is perpendicular to AA'. What is S in this case? 



Fig. 7 



has the equations 

( 1 ) 
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a;' = a; cos ^ y sin ^ + o, 
= X + y cos ^ + 6. 


These equations, moreover, include the rotations about 0, when 
a = 6 = 0, and the translations, when ^ = 0. Hence 

Theorem 4. All the rigid motions of the plane are represented by 
equations (1). 

EXERCISES 

1. Find the equations of the rigid motion which carries the points (4, 2) 
and (3, 5) respectively into the points (2, 4) and (— 1, 5). Use the method 
of Fig. 5. 

2. Show that the rigid motion a;'=— y-|“3, y'=a: + l isa rotation 
about the point (1, 2). 

3. Express the rigid motion of £x. 2 as the product of a rotation about the 
origin and a translation. 


4. Groups of Transformations. The word '' group in the theory 
of transformations has a highly specialized meaning. We define it as 
follows. 

Definition. A set of transformations^ finite or infinite in number^ 
is called a group^ if 

[a) the product of every two transformations of the set {including, in 
particular, the product of every transformation with itself) belongs to the 
set; and 

(b) the inverse of every transformation of the set belongs to the seL 
The identity and the rotation about the origin through 180®, 

(1) x' = X, y' = y and x' = — x, y' - — y^ 

form a group. For, each is its own inverse, the product of each with 
itself is the identity, and the product of the two is the rotation. 
Similarly, the four transformations 

(2) *' = *. x' = - y, x' = - X, x' = y, 

y' = Vt y' = X, y' = -y, y' = - x, 
namely, the identity and the three rotations about the origiiv through 
90°, 180°, and 270°, respectively, form a group. 

Groups (1) and (2) both contain the identical transformation. So, 
also, does every group. For, if T is a transformation of a given group, 
its inverse belongs to the group, and hence the product 
belongs to the group; but this product is the identical transformation. 



92 


HIGHER GEOMETRY 


Theorem 1. Every group of transformations contains the identity. 

The group (1) is a subgroup of the group (2) in that its transforma- 
tions are included among those of (2). In general, if among the 
transformations of a given group there exists a subset of transforma- 
tions which itself forms a group, this group is called a subgroup of the 
given group. 

The Group of Rigid Motions and Its Subgroups, Consider the set of 
all rigid motions of the plane, 

(3) x' = X cos ^ — 2 / sin ^ + a, y' = x sin 6 y cos 6 + by 

where a, 6, and 6 arc arbitrary constants. Tlie product of any two of 
them, since it is necessarily a rigid motion, belongs to the set. For 
the same reason, the inverse of every one of them is found in the set. 

Theorem 2. The set (3) of all rigid motions of the plane forms a 
group. 

The set of all translations of the plane, including the identity, is 
represented by the equations 

(4) x' = a; + a, 2/' = 2/ + ?>, 

where a and are arbitrary constants. Let us prove analytically 
that this set forms a group. Two arbitrarily chosen, but fixed, 
transformations of the sot arc 

X = X + ai, x' = X + az, 

2 / = 2 / + biy y' = y -\- biy 

where ai, hi, b>y are fixed. Their product 

a:' = r + ai + 02 , ?/ = ?/ + &! + & 2 , 

belongs to the set, being the particular transformation for which 
a = ai + ^ 2 , b = hi + ^ 2 . Moreover, if an arbitrary but fixed 
transformation of the set, say 

x/ == X + oq, ‘ y' = y + hQ, 
is chosen, its inverse 

X = x' — Oo, y = y' — bo, 
clearly belongs to the sot. 

Theorem 3. The set (4) of all translations of the plane forms a group. 
Theorem 4. All the rotations about a given point, for example, the 
origin, form a group. 

The proof of the latter theorem we leave to the reader. 
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The group of translations is a subgroup of the group of rigid motions ; 
the translations (4) are precisely those rigid motions (3) for which 
0=0. Similarly, the group of rotations about the origin is a sub- 
group of the group of rigid motions. 

The equations (3) of the group of rigid motions contain three 
arbitrary constants, or parameters, a, fe, and 0, to which values can bo 
given independently. We express this fact by saying that the group 
depends on three parameters or is a three-parameter group. 

EXERCISES 

1- Verify the statement that the transformations (2) form a group. 

2. Prove analytically thnt the rotations about the origin form a group. 

3, On how many j)aramctorK does the group of translations depend? On 
how many does the group of rotations about a giv(3n point depend? 

5. Invariants. Wc know that the general rigid motion, 

(1) .r' = X cos 0 — ?/ sin 0 + a, t/' = x sin 0 + y cos 0 + b, 

preserves distance. Let us verify this fact analytically. 

Let Pi : (xi, iji) and P 2 : (x 2 , 2 / 2 ) be two arbitrary but fixed points, 
and let Pi : (xi, y'l) and P 2 : (xi, 2 / 2 ) be respectively the points into 
which they are carried by (1). Then 

xi = Xi cos 0 — 7/1 sin 0 4 - a, ?/i = sin 0 + yi cos 0 H~ h, 

xi = X2 cos 0 — yi sin 0 + 2 /i = 2^2 sin 0 + 7/2 cos 6 + b. 

Hence, 

X2 — x[ = (X2 — xi) cos 0 — (7/2 — 7/1) sin 0 , 

7/2 — 2/i = (x2 — xi) sin 0 + (7/2 — ?/i) cos 0 . 

Squaring and adding, we have 

(xi — xi)“ + (7/i — 7 /i)^ = (X2 — Xi )2 4 * (7/2 — 7/1)2. 

Hence Pi Pi = P 1 P 2 and the verification is complete. 

The expression 

( 2 ) (xo - xi )2 4 - (7/2 - yi)^ 

in the coordinates of the given points is always equal to the same 
expression in the coordinates of the transformed points. To express 
this fact, we say: 

The expression ( 2 ) is an invariant of the points (xi, 7/1), (X2, 7/2) 
respect to the group of rigid motions. 
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This is merely the analytic counterpart of the statement that dis- 
tance is preserved by every rigid motion. 

Another important property which is preserved by all rigid motions 
is the angle between two lines. Let the lines, arbitrarily chosen but 
fixed, be 

(3) aix + fl22/ 4“ Us = 0, h\x + + fes = 0. 

To find the lines into which they are carried by the general rigid 
motion (1), we need the inverse of (1). This does not mean that we 
have to solve equations (1) for a:, y\ for, since the inverse is a rigid 
motion, its equations are necessarily of the form (1) and so can be 
written as 


(4) a; = a;' cos ^ — y' sin ^ + c, y = x' sin <l> + y' cos 0 + d, 


where c, d, 0 are parameters which are related to the original para- 
meters a, b, 0 of (1) in a way which is perfectly definite but, for our 
present purpose, immaterial. 

Substituting for x and y in (3) the values given by (4), we obtain, 
as the equations of the transformed lines, 


(<>) dix + a^y + Ua = 0, 

where 

ai = oi cos 0 + tt2 sin 0, 
(0) 02= — Oi sin 0 + 02 cos 0, 

08 == Oi c + O2 d + O3, 


b[x + bW + b[ = 0, 

bi = hi cos 0 + ^2 sin 0, 

62 = —61 sin 0 + 62 cos 0, 

63 = bic + 62 d + 63, 


To show that the angle from the first of the lines (3) to the second 
is equal to the corresponding angle for the lines (5), it suffices to show 
that 

Oi 62 — dibi Oi &2 — U2 &i 

Oi bi + 02 62 Ui bi + 02 62 


The truth of this equality, regardless of the values of c, d, and 0, is 
readily established by means of the relations (6). Hence 

The expression for the tangent of the angle from the first of the lines 
(3) to the second^ namely 

(* 7 \ Oi 62 — 02 ^ 

Oi bi + O 2 ^2 

is an invariant of the two lines with respect to the group of rigid motions* 

* Cayley (1821-1895) and Sylvester (1819-1897), two English mathema- 
ticians, deserve the major credit for the creation of the theory of mvariants. 
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EXERCISES 

1. Check in detail every step of the foregoing proof that (7) is an invariant* 

2. Show that 

Vi 1 
X2 Vi 1 
Xi 2/3 1 

is an invariant of the three points (xi, ?/i), (x2, ya), (x*, t/s) with respect to the 
group of rigid motions. What is the geometrical meaning of this invariant? 

3. Prove that the slope of a line is an invariant with respect to the group of 
translations. 

4. Establish Xit/a — x^Vi as an invariant of the two points (xi, yO, (xz, 
with respect to the group of rotations about the origin. What is its geometrical 
significance? 

5. Show that 

fliXo -f* rtzt/o “f* 

is an invariant of the point (xo, ?yo) and the line OiX + a^y + 03 *= 0 with re- 
spect to the group of rigid motions. 

6. Prove that 

X(? 4" 4* + 022/0 4" Os 

is an invariant of the point (xo, 2/0) and the circle 

x^ 4- 2/^ 4- Ojx 4- 02?/ 4- 03 = 0 
with respect to the group of rigid motions. 

B. One-33imensional Projective Transformations 

6. Projections and Projective Correspondences. A projection of a 
line L on a line U we have found to possess the two following properties. 

Theorem 1. A projection of a line L upon a line U establishes 
between the ranges of points on L and U a one-to-one correspondence and 
preserves cross ratio. 

Is the converse true? Can every one-to-one correspondence between 
two ranges of points which preserves cross ratio be established by a 
projection? 

In showing that this question is to be answered affirmatiyely, we 
first prove the following theorem. 

Theorem 2. There exists a unique correspondence between two ranges 
of points which is one-to-one and preserves cross ratioy and which orders 
to three given distinct points Ay B, C of the one range three prescribed 
distinct points A', B', C' of the other range. 



96 


HIGHER GEOMETRY 


If a correspondence of the desired type, ordering A' to R' to R, 
and C' to C, exists, it must order to an arbitrarily chosen point P 
of the one range a point R' of the other range such that the cross 
ratio (^'R', C'P') equals the known cross ratio (A R, C P): 

(1) (A'R', CT') = (AB, CP). 

By Ch. VI, § 7, Th. 1, there is only one point P' with this property. 
Consequently, there is at most one correspondence of the desired type, 
that defined by (1). 

The correspondence defined by (1) is one-to-one and orders A' to 
A, R' to R, and C' to C. It remains to show that it always pre- 
serves cross ratio, that is, that, if Pi <— > P[, P^ > Pi, Pa > Ph 
Pi <— > Pi are any four distinct pairs of corresponding points, then 

(2) (P[P2, PiPi) = (PiPs, P,Pi). 


According to Ch. Ill, § 6, Ex. 7, we can choose homogeneous coor- 
dinates a and h of A and R so that C lias the coordinates a + h. 
Similarly, we can take the coordinates n' and 6' of A' and R' so that 
C" is the point a' + b'. If, then, P has tlie coordinates a A- by P' 
must have, by (1), the coordinates a'+jut'. In particular, if Pi, 
Pi, Pa, Pi have the coordinates 


a + jJiiby a + fxj>y a + a + jiJjy 

P\, Pi, Pi, Pi have the coordinates 

a' + Ml//, a' 4” a' + jji.d/y a' + fJ-ib'. 


It follows that the cross ratios in (2) are equal, for the values of the 
cross ratio depend only on the fj/s and these are the same in both 
cases. 


We arc now ready to prove the converse of Theorem 1. Let a 
correspondence between the ranges of points on the lines L and U 
Q be given' which is one-to-one and preserves 

cross ratio, and let A <-> A', B <r-> R', C 
be three distinct pairs of corresponding points. 
Move U rigidly so that A' coincides with A 
and then draw BB' and CC' intersecting in 0, 
as shown in Fig. 8. The projection from 0 
of L on U establishes a correspondence which 
is one-to-one, preserves cross ratio, and orders A' to A, R' to R, and 
C' to C. But these are precisely the properties of the given corre- 
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spondence, and since, by Th. 2, there can be but one correspondence 
vnth these properties, the given correspondence is identical with that 
established by the projection. 

Theorem 1 and its converse may be summarized as follows. 

Theorem 3. The corrcfipondences established by projections of one 
line upon another are identical with the correspondences between two 
ranges of points which are one-to-one and preserve cross ratio. 

The theorem serves two purposes. In the first place, it portrays 
the inherent simplicity of the correspondences established by pro- 
jections. Secondly, it enables us to replace the study of projections 
by that of the correspondences with the two properties described; in 
other words, it enables us to discuss the effects of projection without 
being hampered by the details of the process itself. 

We shall, then, suppress the process of projection and devote our 
attention wholly to the correspondences effected thereby. These 
e(jrrespondences it is natural to call proje(;tivc. 

Definition. A correspondence between two ranges of pomts which is 
one-to-one and preserves cross ratio is known as a one-dimensional pro- 
j ective corresponden ce. 

Theorem 2 now becomes 

Theorem 4. projective correspondence between two ranges of 
points is uniquely determined by three distinct pairs of corresponding 
points. 

Correspondences and Transformations, In a correspondence between 
two ranges, R and i?', two corresponding points, P and P', arc re- 
ciprocally related: to each corresponds the other. For this reason, we 
use the double arrow, P P' , R <-> P', to indicate the correspondence. 

A correspondence, R <-> R\ determines two transformations, the 
transformation R — > R\ which transforms the i)oints of R into those 
of R'y and the inverse transformation. R' — > P, which carries the 
points of P' into those of R. 

The transformations determined by projective correspondences we 
shall call projective transformations, / 

7. One-Dimensional Projective Transformations, We proceed to 
deduce the equations of an arbitrary projective correspondence and 
the resulting j)roj ective transformations. 

Let the projective correspondence, between the ranges ol points on 
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the lines L and L', be determined by the three distinct pairs of cor- 
responding points, Pi Pi, P2 P2, Ps Ps* It is then defined 
by the equation 

(1) (PiPi, PiP') = (P1P2, P3P), 

where P <-> P' is an arbitrary pair of corresponding points. 

Introduce on L and L' arbitrarily chosen systems of Cartesian coor- 
dinates; see Ch. IX, § 1. Let Xiy X2, xsj and x be the coordinates of 
Pi, P2, P3, and P, and xl, xi, xi, and x', those of Pi, Pi, Pi, and P'. 
Equation (1) of the projective correspondence then becomes 

. V (xi — xi)(x^ — xi) ^ (x 3 - xi)(x - X2) ^ 

{xs — xi) (x' — xi) (xa — X2)(x — xi) 

To find the equation of the related transformation, say, of the 
range on L into that on L', we have merely to solve (2) for x'' in 
terms of x. The work will be facilitated, if we set 

xi - xi , Xa — xi 

“7 7 = C, = C. 

Xa — Xa Xa — Xa 

Since xi, xa, xa, xi, xi, xi are constants, c and c' are constants. Equa- 
tion (2) now becomes 

, x' — xi X — Xa 

c — 7 = c • 

X — Xi X — Xi 

Solving for x', we obtain the desired equation: 


(3) 


(iix "4" (I 2 
hix + 62 


whore Oi, <12, 61, &2 are constants; for example, 61 = c — c'. 

The transformation (3) takes on a more symmetric form on the 
introduction of homogeneous coordinates on L and L\ Setting 

Xi / xi 

X = — > X = —, » 

Xa Xa 

we have 


(4) 


/ , 

Xi (l\Xi -f- <12X2 

xi 61X1 + 62X2 


This equation says that xi, xi are proportional to OiXi + 02X2, 
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bixi + b^t. Consequently 


(5) 


f . 

PX2 = 61 X 1 + b2X2, 


p 0. 


Conversely, we can pass from (5) through (4) back to (3). Hence 
equations (5) and equation (3) represent the same transformation. 

The right-hand sides of equations (5) are linear in Zi, X 2 - Accord- 
ingly, we call a transformation of the form (5) in homogeneous coor- 
dinates, or a transformation of the form (3) in nonhomogeneous coor- 
dinates, a one-dimensional linear transformation. 

We may now state our result as follows. 

Theorem. Every projective transformation of a range of points into 
a range of points is a linear transformation. 


EXERCISES 

1. Find the equation of the projective transformation which carries the 
points 0, 1, 2 of L respectively into the points — 1, 0, — 2 of L'. Write the 
equations of the transformation in homogeneous coordinates and find the 
equations of the inverse transformation in both kinds of coordinates. Deter- 
mine the vanishing ijoint on each line. 

2. Find the equation of the projective transformation which transforms 
the points 2, 4, and the point at infinity on L respectively into the points 
— 1, 1, and the point at infinity on U. 


8. One-Dimensional Linear Transformations. Let 


(1) 


aiX " 1-^2 p^i = aiXi -f- 02X29 

hiX 1)2 pX2 — hiXi “h 62 X 2 , 


P9^0, 


be an arbitrary linear transformation of the points of a line L into 
those of a line L'. 

The formal process of finding the inverse transformation, applied 
to the right-hand equations in (1), yields the equations 


( 2 ) 

where 


Axi = p( 62 3:1 — a2 X2), 

Ax2= p (— bi xl + tti X 2 ), 


ai 
61 6- 


The determinant A is known as the determinant of the linear trans- 
formation (1). If A = 0, equations (2) fail to define the inverse 
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transformation.* Wc exclude this case and assume henceforth that 

A 7*^ 0. 

Equations (2) then yield, as the inverse of (1), the linear trans- 
formation 

hi / — 02 axi = hnx[ — 02X2, . ^ 

(3) X = r— r-j » or . / (T 9^ 0. 

— hi X -I-- crx 2 = — biXi 01X2, 

It is to be noted that the determinant of the inverse is equal to that 
of the given transformation. 

Theorem 1. Every linear trafisf or motion of a range of points into a 
range of poinU is a projective transformation. 

This is the converse of the Theorem of § 7. To prove it, we have 
to show that the transformation (1) has the two properties character- 
istic of a projective transformation. It has the first of these proper- 
ties: it estahlishcs a one-to-one correspondence bet\veen the points of 
L and L'. For, (I) orders to each point of L a single point of L' and 
the inverse transformation (3) orders to each i)oint of L' a single 
point of L. 

It also has the second ])ropcrty: it preserves cross ratio. Let 
(rci, .r-i), (?/i, yn)^ (^i, z^), (ti, to) be four distinct points on L and let 
(xi, x'o), iyi, yi), (si, /a), (^i, ^2) be the four points on L' into which they 
are carried. Then, for example, 


(4) 


Pix\ — OiXi -f aoXij p,iZi — a iZi + a2Z2, 

P 1 X 2 — hiXi + hiXi, pzZ2 = hiZi + hoZ2. 


It is to be emphasized that the constant of proportionality, p, may 
varj'^ from one pair of points to another, inasmuch as the homogeneous 
coordinates of a point admit, themselves, a constant of propor- 
tionality. We denote the values of p for the four pairs of points by 

Pi, P2, P3, P4. 

* Wlicn A = 0, rti, 02 and hj, ?>2 arc proportional. Hence ai a: -|- ao and 
hi X hi are jiroportional. If we exclude the case in which ai, 02, 61, hi 
are all zero, this ineanR that the transformation carries every point of L, save 
one, into the same i>oint of L'. For example, the transformation, 

, Zx-3 _ 3(r - ]) 

^ ~2x - 2~ 2(.x -1)’ 

carries every point of L, other tlian x = 1, into the point = 3/2 of L'. We 
have here the analytic analog of a projection of L on IJ from a center which 
lies on L\ We have excludiKl this type of projection, and accordingly rule 
out the corresponding type of linear transformation. 
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We desire to show that the cross ratio of the four points on L in 
the order given is equal to the corresponding cross ratio of the trans- 
formed four points: 

\/x'\-\t'y'\ ^ \zx\-\ty\ _ 

W y '\ • jt' ^'\ \zy \ • 

By virtue of (4), the determinant \z' x'\ becomes 


/ 

2 i 

/ 

Xi 

_ 1 

ai 2 i ~\~a2Z2 

aiXi + 02 X 2 

_ A Zi Xi 

/ 

22 

/ 

X2 

P1P3 

&l 2 i +6222 

biXi -h b2X2 

piPa Z‘z X 2 


for the intermediate determinant is the i)roduct of the determinants 
A and \zx\] sec Ch. 1, § G, Ex. 5. Thus, each determinant on the 
left-hand side of (5) can be replaced by a certain multiple of the cor- 
responding determinant on the right-hand side. The left-hand side 
then reduces to the right-hand side, and our theorem is proved. 

We have now achieved a major goal. The projective transforma- 
tions of the points of one range into the points of a second range, 
which hitlierto have been dofiimd only geometrically, are now char- 
acterized analytically. Theorem 1 and the Theorem of § 7 tell us 
that they are identical with the linear transformations of the points 
of the one range into those of the other range. 

The Group of Projective or Linear Transformations, Suppose that 
we think of L and L' as the same line and of x and x' as referred to the 
same coordinate sj^steni on this line. Equation (1) then represents 
tlie general projective, or linear, transformation of the line into itself. 

The totality of these transformations forms a group; for, the inverse 
of a linear transformation we have already seen to be linear, and the 
product of two linear transformations can readily be proved to be 
linear (Ex. 2). 

Theorem 2. The set of all projective transformations of a range of 
points into itself forms a group. 

In establishing equation (5), wc proved that 

/ 

\ix\’\^y\ 

1*2/1 -[(xl 

is an invariant of the four points (xi, xf), (iju 2 / 2 ), ( 21 , 22 ), (h, h) with 
respect to the group of linear transformations. 
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EXERCISES 

1. Prove, by means of nonhomogeneous coordinates, that a linear trans- 
formation preserves cross ratio. 

2. Show that the product of two linear transformations is a linear trans- 
formation. Note that it is necessary to show that the determinant of the 
product transformation does not vanish. This is done by proving that this 
determinant is equal to the product of the determinants of the given trans- 
formations. 

3. Show that the translations x' == x + b are the only rigid motions of a 
line into itself and that they form a group which is a subgroup of the group 
of projective transformations of the line into itself. 

Projective Transformations op Pencils of Lines 

Definition. A transformation of the lines of a 'pencil into the lines of a 
second pen/yil 'which establishes a one-to-orm correspondence between the lines of the 
two pencils and preserves cross ratio is a 'projective transformation. 

4. Show that there is a unique projective transformation of the lines of one 
pencil into tliose of a second pencil which carries three given distinct lines of 
the first pencil respectively into three prescribed distinct lines of the second. 

5. Prove that a projective transformation of one pencil of lines into a second 
is a linear transformation, that is, a transformation of the form 

-./ __ + <*2 pu'i = OiUi + a2?/2, A ^ rt 

w — I I or fill ^ 

hi U -j- 62 pU 2 = hiUi + h 2 U 2 f 

where u and u' are nonhomogeneous, and ( 1 / 1 , U 2 ) and (wi, ui) homogeneous, 
coordinates in the two pencils; see Ch. IX, § 1. 

6. Show that a linear transformation of the lines of one pencil into those of a 
second is a projective transformation. 


C. Two-Dimensional Projective Transformations 

9. Two-Dimensional Linear Transformations. In Part B we 
analyzed the projections of a line upon a line and characterized them 
geometrically and analytically.. We propose to do the same for the 
projections of a plane upon a plftne and begin by stating the properties 
of these projections with which we are already familiar. 

Theorem 1 . A projection of a plane upon a plane establishes a one-- 
tchone correspondence between the points of the two planes^ and a one-to- 
one correspondence between the lines of the two planes^ and preserves 
cross ratio. 

The converse is true; every transformation of the one plane into the 
other which has the three properties enumerated can be established 
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by projections.* Projections are thus characterized geometrically 
as being, in effect, transformations which possess these three proper- 
ties. Henceforth, we suppress the actual process of projection and 
concentrate our attention on the transformations in question. These 
we call two-dimensional projective transformations. 

Definition. A transformation of the points of a plane M into the 
points of a plane M' which (a) establishes a one-to-one correspondence 
between the points of M and M\ (6) establishes a one-to-one correspond- 
ence between the lines of M and M\ and (c) preserves cross ratio, is 
known as a two-dimensional projective transformation. 

In the one-dimensional case, the projective transformations were 
identical with the linear transformations. This is also true in the 
present case. To prove it, we begin by developing the theory of 
two-dimensional linear transformations. 

Linear Transformations. The general linear transformation of the 
points of M into the points of M' is, in homogeneous coordinates, 

pxi = anXi •+■ 012X2 + 013X3, 

(1) pxj = O21X1 "b O22X2 "b 023X3, p 0. 

px[ = O31X1 + O32X2 + O33X3, 

One advantage of the double-subscript notation which we have here 
introduced is that it permits us to write the equations of the trans- 
formation in the condensed form 

3 3 ^3 

pXi — OiyXy, pX 2 ” 02 yXj, pXs “- 

J^l i-1 

or, more briefly, 

3 

(1^) pXi == ^ O/ijXj, (l ~ 1, 2, 3), 

The determinant of the coefficients in (1), commonly denoted by 
lot/l, is known as the determinant of the transformation. If \aij \ =0, 
it can be shown that (1) fails to establish a one-to-one correspondence 
between the points of M and M\ Accordingly, we exclude this case 
and assume that la,*,! 9^ 0. 

* For the proof of the converse, the reader is referred to an article in the 
American Mathematical Monthly, Vol. XXXV (1928), pp. 412-415. He 
will do well, however, to postpone consulting this article until after he has 
readPh. XL 
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p]quations (1) can then be solved by Cramer's rule for Xi, X 2 , x^. 
The result is the inverse transformation of (1): 


( 2 ) 

or 

(2') 


(TXi = AiiXi + A2ix!2 + -431^:3, 

<tx2 = Ai2x\ + A 22 X 2 + -432^:3, <r 7*^ 0, 

CJS — A 13 X 1 + A 23332 + A38338| 

3 

cxi = ^ AjiXjf (i = 1| 2y 3), 


where Aiy is the cofactor of aij in the determinant |a» 7 | .* According 
to Ch. I, § 6, Ex. 1, the determinant | Ai/| of the inverse transforma- 
tion has the value | aij and hence is not zero. 


The transformation (1) establishes a one-to-one correspondence 
between the points of M and M'; for, (1) orders to each point of M 
a unique point of M', and (2) orders to eac.h point of M' a unique 
point of M. 

The transformation (1) establishes a one-to-one correspondence 
between the lines of M and M\ In verifying this statement, we shall 
use the following lemma, which is readily proved. 

Lkmma, If the transformation (1) carries the pomts y and z in the 
plane M into the points y' and z' in the plane M\ it carries the point 
y + in M into the point p^?/ + mP 2 s' in M', where pi and p 2 are, 
respectively, the values of the constant of proportionality p for the pairs of 
points y —> ?/' and z — > z\ 

If the points y and z in M arc distinct, the points ?/' and s' in M' 
are also distinct, for otherwise the correspondence between the points 
of M and M' would not be one-to-one. Consequently, if we choose 
arbitrarily in M a line L and think of y and z as two distinct points 
of L, 1 / and z' will determine in M' a line L'. As p varies, the point 
y + pz traces the line L; then the transformed point piy' + pp 2 z' 
traces U. Thus, to the line L in M corresponds the unique line L' 
in ilf'. Similarly, using the inverse of the transformation, we can 
prove that to a given line in Af' corresponds a unique line in M. 

The transformation (1) preserves cross ratio. It suffices to establish 
this fact in the case of points. Let 


Vf 2 , y + y + 

* In (1), at; is the coefficient of x,- in the expression for x'i; in (2), Aij is the 
coefficient of xi in the expression for x,. Thus, the first subscript of an a or 
an A pertains always to an x', whereas the second pertains always to an x. 
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be four distinct collinear points in M. The points in M' into which 
they are carried have, according to the Lemma, the coordinates 

?/', 2', piy' + iLtip 22 ', pi?/' + /X2P22'. 

The cross ratio of each set of points, in the order given, is pi/pa. 
Hence cross ratio is preserved. 

We have shown that the transformation (1) has the three properties 
characteristic of a projective transformation. Hence: 

Theorem 2. Every linear ircimformaiion of the points of M into the 
points of M' is a projective transformation. 

The theorem constitutes half the proof tliat the two-dimensional 
projective and linear transformations are identical. 

EXERCISES 

1. Find the equations of the inverse of the linear transformation 

px[ = 2^-1 — 0^2 + :r3, pX 2 Xi + 2 .r 2 — .T 3 , pXs - Xi 4- X 2 -f X 3 . 

Write the equations in nonhomogeneous coordinates of both the given trans- 
formation and the inverse. 

2. Into what line is the line 3xi + .T 2 — 2^3 — 0 carried by the trans- 
formation of Ex. 1? 

3. W\mi is the ociuation of the vanishing line in each plane, in the case of 
the transformation of Ex. 1? J 11 the case of the transformation (1) of the text? 

4. Prove the I^emma of the text. 

5. Show that the jjroduct of two linear transformations is a linear trans- 
formation; see § 8, Ex. 2. 

10. The Fundamental Theorem. The next step in our develop- 
ment is to establish the following theorem. 

Theorem 1. There exists a unique linear transformation of the points 
of a plane M into the points of a plane M' ivhich carries four given points^ 
no three collinear ^ in M respectively into four prescribed points, no three 
collinear, in M'.* 

Special Case A. We shall prove the theorem first in the case, when 
the given points in M are the sficcially chosen points (1, 0, 0), (0, 1, 0), 
(0, 0, 1), (1, 1, 1), and the prescribed points a', ?/, c\ d' in M' are sub- 
ject only to the restriction that no three be collinear. 

* This theorem is due to Moebius, who was the first to discuss projective 
transformations sys tematically. 
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Suppose that there exists a linear transformation 

pxi = aiiXi + ai 2 X 2 + ciizXzt 

(1) pa?2 = a 2 iXi + a22^2 + ^23X3, 9^ 0, 

pxz = asiXi H- az 2 X 2 + cbasXzf 

which carries (1, 0, 0) into (ai, 02, ai), (0, 1, 0) into 6', (0, 0, 1) into c\ 
and (1, 1, 1) into d'. Then 

piai = tti], p2^i = (i\ 2 i PzCi = ai 3 , — pidi = aiy, 

/ # / / ® 

(2) Pia2 = Cl21f P 2&2 = fl22f P 8 C 2 = fl28» — P4d2 == Cl2jf 

J^l 

t t / ® 

Pitts = ttai, p2Z>8 = 032, PsCs = tt33, — p4ds = ^ O3/. 

Twelve linear homogeneous equations, to be solved for thirteen 
unknowns: the nine Ot/s and the four p’s. A first step toward the 
solution consists in eliminating the nine tti/s by substituting the values 
given for them by the lirst nine equations into the last three. There 
results the following system of three homogeneous equations in the 
four p’s: 

oipi + h\p 2 4* C1P3 + dip4 = 0, 

02 P 1 4“ h*2p2 4“ C 2 P 3 4“ d2P4 = 0, 
ttapi 4* f^3p2 4~ C 3 P 3 4" d'^pA = 0. 

Since no three of the four points cr', 6', c', d' are collinear, the rank of 
the system is three. Hence, an arbitrary solution, other than 0, 0, 0, 0, 
is 

(3tt) Pi = A;|6'c'd'|, P2= 

P 3 = tt' 6' d'l , p4 = — A:|o'&'c'|, 

where k is an arbitrary constant, not zero. Substituting these values 
of the p’s into the first nine equations in (2), we find as the values of 
the a,/s: 

ttii = k 1 1 / 6*' d ' I rti, tti2 = — A:| tt' c' d' I h\, flis = A; | a' 6' d' | ci, 

(3h) 021 = A* I b' c' d' I tti, tt22 = — k j a' c' d' j hi, <123 = A: | o' h' d' | ci, 

ttai = A;|// c' d'l tti, 032= — A: j a' c' d'| hi, 033 = A:j a' h' d'j ci. 

Formulas (3 a) and (3 h) give all the solutions of the thirteen equa- 
tions (2), except the solution consisting exclusively of zeros. Con- 
sequently, if there is a linear transformation (1) with the desired 
property, its coefficients are given by (3 h). Moreover, since two sets 
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of aty^s which correspond to two values of k in (3 h) are proportional, 
this linear transformation is unique. 

The linear transformation does carry the given points in M into 
the specified points in M', provided no one of the p's, as given by 
(3 a), is zero. But no p can vanish, inasmuch as no three of the four 
points a', 6', c', d/ are collinear. 

Of one more fact we must make sure, namely, that | a,/ 1 ^ 0. 
The value of |aiy(, obtained from (2) or (3 6), is 

l^tjl = PiP2P3|a'6'c'|. 

Hence | a,-; | 9 ^ 0 and the proof is complete. 

Special Case B. It follows that there exists a unique linear trans- 
formation carrying four arbitrary points a, 6, c, d, no three collinear, 
in M respectively into the points (1, 0, 0), (0, 1, 0), (0, 0, 1), (1, 1, 1) 
in M\ This transformation is essentially the inverse of the one just 
determined. 


General Case. Let the four given points in M be a, 6, c, d and the 
corresponding prescribed points in M', a', 6', c', d\ Insert a new 
plane M and mark in it the four points (1, 0, 0), (0, 1, 0), (0, 0, 1), 
(1, 1, 1). According to the special cases, there exists a unique linear 
transformation Ti of the points of M into those of M which carries a 
into (1, 0, 0), 6 into (0, 1, 0), c into (0, 0, 1), and d into (1, 1, 1); and, 
a unique linear transformation T 2 of the points of M into those of 
which carries (1, 0, 0) into a', (0, 1, 0) into 6', (0, 0, 1) into c', and 
(1, 1, 1) into d\ The product, T = TiTo, of these transformations is 
a linear transformation (§ 9, Ex. 5) of the points of M into those of 
M' which carries a into a', h into 6', c into c', and d into d'. 

It remains to show that T is the only linear transformation which 
satisfies the requirements. Suppose that there is a second, S. The 
product ST2'~^ is a linear transformation of M into M which carries 
a, 6, c, d respectively into (1, 0, 0), (0, 1, 0), (0, 0, 1), (1, 1, 1). But 
there is only one linear transformation doing this, namely Ti. Con- 
sequently, ST 2 ~^ = Ti, and therefore ST 2 ~^T 2 = TiT 2 . But 
is the identity, and TiT^ = T. Hence, S — T.* 


* The accompanying diagrams help to clarify the deduction of <S> =» TiT* 
from ST2~^ = T\. The first diagram depicts the hypothesis: ST2~^ = T\. 
The second may be thought of as obtained from the ^ ^ ^ 

first by replacing by Ta and reversing the corre- \~^/ \ 

Bponding arrow. It tells us that S = TvT^ and hence 
that S ^ T. 


s ^ s 
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EXERCISES 

1. Find the equations of the linear transformation which carries 0, 1), 
(0, 1, 1), (1, 1, 1), (0, 0, 1) into (1, 0, 0), (0, 1, 0), (0, 0, 1), (1, 1, 1) respectively. 

2 . Prove analytically that there is a unicpie linear transformation of the 
points of a line L into those of a line U which carries three given distinct points 
of L respectively into three given distinct points of JJ. 


11. Two-Dimensional Projective Transformations. We are now 

in a position to conipleto the proof that the two-dimensional linear 
and })rojo(*tive transformations are identical. We have already shown, 
in § 9, til at every linear transformation is projective. It remains to 
show that every projective transformation is a linear transformation. 

I^et T be a projective transformation of the points of a plane M 
into those of a plane M\ Choose four points .4i, A 2, D, no three 
collinoar, in Mj and let the points in M' into which they are carried by 
T be respectively Ai, A^^ Azy D'. These points also have the property, 
by part (h) of the definition of a projective transformation (§ 9), that 
no threie lie on a lino. There exists, therefore, a unique linear trans- 
formation, of the points of M into those of il/' which carries 
into A\y A2 into ^2, A3 into A3, and D into D\ 

To prove that T is the same as *S, we shall show that they both 
carry an arbitrarily chosen point of M into the same point in M\ 

We know already that T and aS both carry Ai, A 2, A3, D into 
Ai, A2, As, D'. Moreover, since every linear transformation is pro- 
jective, >S' is projective as well 
as T. Hence both carry, for 
example, 03 into «3, (h into 
and therefore Dainto Dz (Fig. 9). 

Since both S and T order to 
the points Ai, A 2, Dz on az the 
points A], A 2, Dz on as, they 
both transform an arbitrarily 
chosen point on (iz into the same point on a's. For, they both estab- 
lish between the ranges of points on az and as projective correspondences 
(Ex. 1), and a projective correspondence lietwccn two ranges of points 
is uniquely determined by three distinct pairs of corresponding points. 

We have thus proved that the tw^o transformations carry the points 
on the sides of the, triangle A1A2A8 into the same points on the sides 
of the triangle A'iA2^4i. 

Suppose, finally, that P is an arbitrarily chosen point, not on a side 
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of A 1 A 2 A 3 . Let p be a line through P which intersects the sides of 
AiAiAz in the three distinct points Pi, P 2 , P 3 . Since >S^ and T carry 
Pi, P 2 , Ps into the same points P'l, P^j Pa, both carrj'^ p into the same 
line p', and transform an arbitrarily chosen point on p into the same 
point on p'. In particular, they both order to P the same point P'. 

Titkorem. The projective transformations of the points of a plane M 
into the points of a plane M' are identical with the linear transformations 
of the points of M into the points of M\ 

It follows that the fundamental theorem for linear transformations 
is valid also for projective transformations. 

Exercise 1. Prove that, if a projective transformation of the points of a 
plane into those of a plane AP carries the line L in M into the line L' in 
M% it establishes between the ranges of points on L and 1/ a projective cor- 
respondence. 

12. Linear and Projective Transformations of Planes of Lines. 

Thus far we have considen^d projective transformations from the 
point of vi(iw of point geometry. But a projection of a plane M upon 
a plane M' can be equally well considered from the point of view of line 
geometry. It establishes a transformation of the linos of M into the 
lines of M'; to each line L of M is ordered the line 7/ of M' in which 
the plane determined by L and the center of projection intersocjts M'. 

It devolves on us to reconsider the material of the ])receding para- 
graphs from the point of view of line geometry. This we do in brief, 
leaving the proofs of the theorems to the reader. 

Definition. A transformation of the lines of a plane M into the 
lines of a plane AI' which (a) establishes a one-to-one correspondence 
between the lin^s of M and M', (6) establishes a one-to-one correspondence 
between the points of M a/nd AI', and (c) preserves cross ratio, is called a 
projective transf ormation. 

The general linear transformation of the lines u of the plane M 
into the lines w' of the plane AI' is 

pui = biiUi + bj2U2 + bizU3t ^ 

(1) PU 2 = b 2 \Ui + 622^2 + b 2 iU 5 y 1 6^,1 7*^ 0, 

pWg = 631^^1 + ^> 32^2 + ^ 83 ^ 3 , 

or 

3 

pUi = ^ h%jUj, 


(^ - 1, 2, 3). 
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Its inverse is 

3 

, crui = BjiUj, (i = 1, 2, 3), 

where J5»; is the cofactor of hij in the determinant |6tjl . 

Theorem 1. There exists a unique linear transformation of the lines 
of M into the lines of M' which carries four given lineSf no three concur^ 
rent, in M respectively into four prescribed lines, no three concurrent, in 

Theorem 2. The projective transformations and the linear trans'- 
formations of the lines of M into the lines of M' are identical. 


EXERCISES 

1. Prove that the transformation (1) is projective. 

2. Prove Theorem 2. 

3. The linear transformation of § 9, Ex. 1 transforms an arbitrary line u 
of the plane M into a line u' of the plane M'. Find the equations of this 
transformation of lines. 


13. CoUineations. The general projective transformation of the 
points of a plane M into those of a plane M\ 


( 1 ) 


pxi = 23 a = 1| 2, 3), |oyI 0, 

^=1 


establishes a transformation of the lines of M into those of M' in that 
it carries an arbitrary line u in M into a line u' in M\ To find the 
equations of this transformation of lines, we substitute the values of 
xi, X 2 t xz given by the inverse of (1); 

(10 axi = 53 (^' ” 1 » 2 , 3 ), 


into the equation, 


u\Xi +> 2 X 2 4- uzxz = 0, 


of the line u, and collect, in the resulting equation, the terms in x\, 
a; 2 , xi. We thus obtain, as the equation of the line u\ 
333 

xi 5] + xi 51 + x's 51-^3;'^; ~ 0, 

i-i 


and hence, as the coordinates of 

(2) \ui = 


^ AijUj, 


ii = 1. 2, 3), 
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Equations (2) tell how the line u is transformed into the line vf. 
I’hey are the equations of the required transformation. 

Since (1) is the inverse of (1'), it follows by analogy that the inverse 
of (2) is 

3 

(2') tiui = o>iiUu {i = 1, 2, 3). 

Transformations (2) and (2') are linear and therefore projective. 
Hence: 

Theorem 1. A projective transformation of the points of M into the 
points of Af' establishes a projective transformation of the lines of M into 
the lines of M\ 

Let the reader prove the dual theorem, showing that, if the equa- 
tions of the given transformation of the lines of M into the lines of 
ilf' and its inverse are 

(3) P^i bijUjf (XUi = (f ” 2, 3), 

i=-l ^-1 

those of the induced transformation of the points of M into the 
points of Af' and its inverse are 

3 3 

(4) Xxi = ^ BiiXj, pxi = hjiXjj (i = 1, 2, 3). 

It follows from these theorems that the two kinds of projective 
transformations of Af into Af' differ only in that in the one case the 
point, and in the other the line, is used as the fundamental element. 
In other words, they differ only in point of view. It is natural, then, to 
give them a common name. We call them collineations. 

Definition. A collineation is a projective transformation of a plane 
into a plane which carries points into points and hence lines into lineSt 
or lines into lines and hence points into points. 

The term ^^collineation” pertains especially neither to poinu ge- 
ometry nor to line geometry, but equally to both. A collineation may 
be expressed either in point coordinates or in line coordinates. If (1) 
is the collineation in point coordinates, then (2) is the same colline- 
ation in line coordinates. Again, equations (3) and (4) represent the 
same collineation. 

EXERCISES 

1. Prove the dual of Theorem 1. 

2. Find, using the methods but not the formulas of the text, the equations 
in line coordinates of the collineation 

pxi = X2 -h iTa, pxt = 4- Xa, pxi ^ Xi + X*. 
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14 . Groups of Transformations and Their Associated Geometries. 

Suppose that M and are the same plane and that (xi, X 2 , Xs), 
(x'l, x' 2 , x'a) are referred to the same coordinate system in this plane. 
The general collineation of the plane into itself, represented in point 
coordinates, is 

3 

(1) pXi = ^ f^ijXjf (f ” 1» 2, 3), |®*j| 7 ^ 

j^i 

The totality of these collineations form a group; see the text and 
Ex. 5 of § 9. 

Theorem 1. All the collineations of a plane into itself form a group. 
The equations of the collineation (1) in non homogeneous coor- 
dinates arc readily found to be 

( , ^ aux + any + _ Q21X + ar>?y + ^23 ^ 

^ aaix + a322/ + ^33 ’ ^ + aaa 

The general rigid motion of the plane, 

(3) x' = X cos 0 — y sin ^ -f a, 1 / = x sin 6 y cos 0 + 6, 

may be obtained from (2) by proper specialization of the coefficients 
a*/. Hence : 

Theorem 2. The group of rigid motions of the plane is a subgroup 
of the group of collineations. 

To bring out the significance of this theorem, let us recall our 
characterizations of metric and projective geometry. A projective 
property is one which is invariant with respect to the group of col- 
lineations, that is, projective transformations, and projective geometry 
consists of the study of projective properties. On the other hand, a 
property is metric if it is invariant with respect to the group of rigid 
motions, but not wdth respect to the larger group of collineations, and 
the study of metric properties, either in themselves or in conjunction 
with projective properties, constitutes metric geometry. 

Thus, projective geometry may be described as the geometry 
associated with the group of collineations, and metric geometry as the 
geometry associated with the group of rigid motions. 

Theorem 2 tells us that the group of rigid motions is a subgroup of 
the group of collineations. Accordingly, metric geometry must be 
capable of an interpretation whereby it appears as a ** subgeometry'' 
of projective geometry. The nature of this interpretation we shall 
discuss in the next chapter. 
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EXERCISES ON CHAPTER VII 

1. Transformations of Similarity. The effect of a rigid motion is merely a 
change of position. The effect of a transformation of similarity may also 
involve a uniform enlargement or reduction of size. In other words, a rigid 
motion preserves both the shape and size of figures, whereas a transformation 
of similarity preserves shape but not necessarily size. 

Show that the radial transformation from the origin 

x' = pXj y' ^ py, p > 0, 

's a special transformation of similarity, and that the general transformation of 
similarity is the product of the general rigid motion and this radial trans- 
formation, and has therefore the equations 

x' = p{x cos 0 — y sin 0 a), y' — p(x sin 0 + y cos 0 + &)- 

Prove that the transformations of similarity form a group. 

2. Honwthetic Transformations. These are defined by the equations 

x' = px + a, y* ^ py + h, p > 0. 

Prove for them the following properties. 

(a) A homothetic transformation is the product of a radial transformation 
from the origin and a translation, or either alone. 

(5) A homothetic transformation is either a translation or a radial trans- 
formation from a fixed point. 

(c) The homothetic transformations form a group. 

3. The equation 

x'=^ 

represents a projective transformation of a line into itself. Show that it 
leaves each of the points x = 3, x = — 1 fixed in position, and carries any 
other point into its harmonic conjugate with respect to these fixed points. 

4 . A line is carried into itself by the linear transformation 

3x±2_ 

X -j- 4 

Prove that two points of the line remain fixed, and that every other point 
P and the point P' into which it is carried divide these fixed points in a constant 
cross ratio. 

5. A transformation carries each point P of a line, other than two specific 
points Pi, P 2 , into the point P' for which the cross ratio (P 1 P 2 , PP') is/ equal 
to a given constant k, 5^ 0, 1. It carries each of the points Pi, P 2 into itself. 
Show that it is a projective transformation. 

6. Prove that the collineation 


x' 


X 

2x-l' 


y' 


y 

2x-l 
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leaves the origin 0 and each point on the line a; = 1 fixed and carries any 
other point P into its harmonic conjugate with respect to 0 and the point in 
which OP meets a; » 1. Show that the collineation is its own inveiBe. 

7. Describe geometrically the collineation 

8. Find the equation of the line U into which the line L : — 6 = 0 is 

carried by the collineation 

3£_+jL±i, , _ - 4g-y + l 

® ' *' V -1 

Show that, in this particular case, L is carried into L' as by a rigid motion, 
that is, so that distance is preserved. 

9. Find the curve into which the conic 

2 x^ + + 2 y^ + x y — 1 = 0 

is carried by the collineation 

px'i = 2 xi + X2+ Xi, pxi = xi + 2 x 2 + xz, pxz == Xi 4 - X2 + 2X3- 

10. Singular Linear Transformations, 

(а) Show that the transformation 

pxl « 2 Xi — X2 + Xzy pXi = X1+X2+ Xz, pXz = 4 xi — 6x2 + Xz 

is singular, that is, that its determinant is zero. Prove that the transformation 
carries every point of the plane, except one, into a point of the line 

3xi-2x^-x5 = 0. 

What is the exceptional point? What is the geometric analog of the trans- 
formation? 

(б) Show that the singular transformation 

AXi *= Xi — X2 + Xz, pxi = — 2 xi + 2x2 — 2 x 8 , pXz = 3 xi — 8x2 + 8x3 

carries every point of the plane, other than those of a certain line, into the 
point (1, — 2, 3). Has the transformation a geometric analog? 

(c) Show that the ranks of the matrices of the coefficients of the trans- 
formations of (a) and (6) are respectively 2 and 1. Formulate a general 
theorem concerning singular linear iransformationsand their geometric analogs. 



CHAPTER VIII 

METRIC GEOMETRY OF THE COMPLEX PLANE 

1. Introduction. Complex Numbers. Thus far, we have treated 
primarily only linear problems, problems which, when formulated 
analytically, involve only linear equations. Let us now consider a 
quadratic problem, for example, that of finding the points of inter- 
section of the circle and line 

+ 2/^ = 1, X - a, a> 0. 

If a < 1, the line intersects the circle in two points. But if a > 1, 
the line fails to meet the circle. We can, however, still solve the two 
equations. Thus, for a = 2, the solutions are (2, V — 3), (2, — V— 3), 
where the value of y in both cases is imaginary. 

It is in accord with previous aims to demand that the line always 
meet the circle in two points. To meet this demand in the case 
a = 2, we crea te two i deal points to which we assign the number 
pairs (2, V— 3), (2, — V — 3) as coordinates. 

Before proceeding to a systematic development of the idea thus 
suggested, we devote a few words to complex numbers. 

Complex Numbers. If o' and o" are arbitrary real numbers, the 
general complex number, a, is 

o = o' + f a", 

where i is an ideal number which has the property that its square is 

- 1 : t* = - 1, 

The real numbers are simply the complex numbers for which o" = 0. 
On the other hand, if o" 5 *^ 0, the complex number o = o' + f o" is 
called imaginary. 

The terms complex” and ** imaginary” are not equivalent ^^Imag- 
inary” is the opposite of ^Weal” and ** complex” includes both. 

The algebra of complex numbers is the same as that of real numbers. 
In particular, the theories of determinants, matrices, linear equations, 
and linear dependence, developed in Ch. I, remain unchanged when 
real numbers are everywhere replaced by complex numbers. 

Exercise. Show that, if the product of two complex numbers, 
o s= o' + i a", 5 = 6' + 1 6 ", is zero, at least one of the numbers is zero. 

115 



116 


HIGHER GEOMETRY 


2. Complex Points and Lines. Points. Let a Cartesian system of 
axes in the plane bo given and let 

X = x' -)r i a;", y — y* + i y” 

be a pair of complex numbers. If x and y are both real, they are the 
coordinates of an ordinary point, or a real point, as it shall henceforth 
be called. If x, or y, or both, are imaginary, there shall be created 
a new point which shall be known as an imaginary point, and to which 
(x, y) shall be given as coordinates. 

The totality of points (x, y), real and imaginary, constitutes the 
finite complex plane. An arbitrary point of this plane shall be called 
a complex point. A complex point is, then, like a complex number, 
either real or imaginary. 

Instead of the nonhoinogeneous coordinates (a:, y), we can use 
homogeneous coordinates: 

Xi x\ + ix\ , ojo = :r2 + i X2 , x's = 0*3 + i Xs . 

If Xi, X2, X3 are proportional to a triple of real numbers, other than 
0, 0, 0, they are the coordiaate\s of a real point; thus, (2, 0, 4), 
(2 i, 0, 4 1), (2 — 2 i, 0, 4 — 4 i) are all sets of coordinates for the same 
real point. If the triple Xi, X2, Xa is not proportional to a triple of 
real numbers, other than 0, 0, 0, it and every proportional triple 
(pxi, pX2, pxs), where p is an arbitrary complex number, not zero, are sets 
of homogeneous coordinates of a newly created imaginary point. The 
totality of complex points, that is, of real and imaginary points, 
(xi, X2, X3), forms the extended complex plane. 

Lines. The introduction of imaginary lines is analogous to that of 
imaginary points. We have merely to employ line coordinates where 
before we used point coordinates. 

Points and Lines. The condition that the real point x lie on the 
real line u is 

(1) (u\x) = uixi 4- W2X2 + ^3X3 = 0. 

We agree to take this also as the condition that the complex point x 
lie on the complex line u. 

The agreement implies that the theory of the relationship between 
point and line, as developed for the real plane in Ch. V, § 4, holds 
equally well for the complex plane. From it follows that {a\u) = 0 
is the equation of the complex point o and that (a | x) = 0 is the equa- 
tion of the complex line a, and from these facts the validity in the 
complex plane of the entire theory in question can be established. 
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EXERCISES 

1. Show that the line which joins the points (1, t, 3 + 2 i), (1, — t, 3 — 2 i) 
is a real line. 

2. Find the point of intersection of the lines 

2xi — 1X2 + (1 + =0, 2ixi — X2 + (1 + i)x9 = 0. 

3. Conjugate-Complex Elements. The two numbers 

a = a' -jr a", d = a' — i a" 

are known as conjugatc-complcx numbers. In particular, if a" 0 , 
they are called conjugate-imaginary numbers. 

Theorem 1. A necessary and sufficient condition that a complex 
number he real is that it be equal to the conjugate-complex number. 

For, if fl" = 0, then a = d. Conversely, if a = d, then i a" = 0 
and a" = 0. 

Definition. Two elements, that is, two points or two lines, are 
conjugate-complex if, when {ai, a^, af) are honiogcneotis coordinates of 
one, (di, d 2 , da) are homogeneous coordinates of the other. 

The definition implies that two finite elements are conjugate- 
complex when and only when their corresponding nonhomogencous 
coordinates arc conjugate-complex. On the other hand, corresponding 
homogeneous coordinates of two conjugate-complex elements are not 
necessarily conjugate-complex, inasmuch as homogeneous coordinates 
admit a factor of proportionality.* 

Theorem 2. Ari element is real if arid only if it coincides with the 
conjugate-corn plex clement. 

Homogeneous coordinates of a real element can be taken as real 
numbers; the conjugate-complex element has, then, the same coor- 
dinates and hence coincides with the given element. 

Suppose, conversely, that two conjugate-complex elements are 
identical. Homogeneous coordinates (ai, ao, af) can be chosen for 
one of them so that one of the coordinates, say as, is unity: as = 1. 
Coordinates of the other clement arc, then, (di, d 2 , ds). where da = 1. 
Since the two arc identical, 

a\ — — pa^, a^ — pazf O/s ~— pas. 

* The elements (2, i, 1— i) and (2 -}- 2 1 — i, 2i) are conjugate- 
imaginary, despite the fact that the corresponding coordinates are not con- 
jugate-imaginary; for, alternative coordinates are (2, i, \ — i) and 
(2, t, 1 "h i). 



118 


HIGHER GEOMETRY 


But as = as =* 1 ; hence p = 1 and ai = ai, 02 = 02 - Therefore, 
at and as are real and the element is real. The proof of the theorem 
is thus complete. 

The expression {u\x) can be considered as a single complex number. 
The conjugate-complex number is (u\x); see Ex. 2. But if a complex 
number is zero, the conjugate-complex number is zero. Therefore, if 
UiXi + U^Xt + UiXz = 0, 

then 

UiXi + U2X2 + U3XZ = 0 . 

Theorem 3. If a pomt x lies on a line the conjugate-complex 
point X lies on the conjugate-complex line u. 

In particular, if an imaginary point lies on a real line, the conjugate- 
imaginary point lies on this line. Hence, the points of a real line are 
either real or conjugate-imaginary in pairs. Similarly, the lines 
through a real point are real or conjugate-imaginary in pairs. 

We are now in a position to prove the following important propo- 
sition. 

Theorem 4. The point of intersection of two conjugate-imaginary 
lines is a real point. The line determined by two conjugate-imaginary 
points is a real line. 

Let L and L be two conjugate-imaginary lines, and let P be their 
point of intersection. By Th. 3, since P lies on L and L, the con- 
jugate-complex point, P, lies on L and L. Hence P is identical with 
P, and therefore, by Th. 2, P is real. 

We give an analytical proof of the second half of the theorem. Let 
the two conjugate-imaginary points be a and a. Coordinates of the 
line L joining them are 

a2dz — a^dif a^ai a\dzy a\d,2 “ azdt. 

The conjugates of these, which, by Ex. 1, reduce to 

^2^8 dzazf dzdii — diaz, diaz — d2ai, 

are coordinates of the conjugate-complex line L, But these coor- 
dinates are the negatives of the preceding ones. Hence, L coincides 
with L and is a real line. 

Corollary. There is one real line through an imaginary point and 
one real point on an imaginary line, 

A real point on an imaginary line is the point in which it intersects 
the conjugate-imaginary line. If there were a second real point, the 
line would be real. 
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EXERCISES 

1. Show that, if a and 6 are two complex numbers, the conjugate of their 
sum equals the sum of their conjugates and the conjugate of their product 
equals the product of their conjugates: 

o -f b = + 5, ab = ab. 

Extend the theorem to the case of any finite number of complex numbers. 

2. By means of Ex. 1, prove that the conjugate of {u\x) is (w|^. 

3. Show that, if a and h are conjugate-complex numbers, their sum and 
product are real. How must the statement be modified in order that the 
converse be true? 

4. Show that the two lines of § 2, Ex. 2 are conjugate-imaginary. 

5. Find the real point on the line (2, ^ 3 — 4t). 

6. What is the real line through the point (1, i, 0)? 

7. Prove that the three points (1 + — 1 + (1> 1 + (b 1 “ 0 

are collinear. Find the real point on their line. 

8. Give a geometrical proof of the second part of Theorem 4. 

9. Prove that the real point on an imaginary line is the point at infinity 
on the line if and only if the line has a real slope or is parallel to the y-axis. 

10. Show that the line determined by two given points and the line deter- 
mined by the two conjugate-complex points are conjugate-c^omplex. 


4. Metric Geometry of the Complex Plane. Lot a circle, with 
center at 0 and radius r, be given. Let A be any point in the plane of 
the circle, other than the center. On the half-line OA, take the point 
B so that 

OA-OB = rK 


At C, the mid-point of the segment A B, erect a perpendicular meeting 
the circle in D and draw AD and OD. 

From the right triangles ACD and OCD, 


AD^ = CD^ + AO, CD^ = r2 - OCK 


Hence 


and 


AD* = - {OO - AO), 

AD^ = - (OC - AOiOC + AC), 

AD^ = r2 - OA -oh = - r* = 0, 


AD = 0. 



The distance from A to D is zero. Therefore A coincides with D: 
every point, other than the center of the circle, lies on the circum- 
ference of the circle! 
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We invite the reader to lay the book aside and find for himself the 
fallacy. 

Critique. Because of the use of the figure, the reader doubtless 
assumed that the proof is restricted to the case of a real circle and a 
real point A. He may, then, make the shrewd and correct guess that 
the point C lies without the circle, so that the point D is imaginary. 
But is he then any better off? Would he want to conclude that the 
real point A is identical with the imaginary point D? 

As a matter of fact, the deduction of the fact that AD = 0 holds^ 
in general, regardless of wdiether the circle and the point A are real. 
One or both of them may be imaginary. The figure is, in that case, 
simply symbolic; it merely suggests the steps to be taken in the de- 
duction and is not in any way a part of the deduction. 

In working in the complex plane we ought to be wary of assuming 
that a fact which is true for real points is also true for imaginary points. 
We might well question whether the Pythagorean theorem, on which 
the deduction that AD = 0 is based, is always true in the complex 
plane. As a matter of fact, it is true, as will be proved later. 

We arc thus forced to conclude that the proof that AD = 0 is 
always valid. There remains, then, but one question. Does A coin- 
cide with /)? Are two complex points, which are zero distance apart, 
necessarily coincident? 

EXERCISES 

1 . Find all the solutions of the etjuation 

= 0 , 

if X and y arc restricted to be real? If cc and y are complex? Interpret the 
results geometrically. 

2. Explain the fallacy in the text and verify your exi)lanation analytically, 
assuming that the circle and the point A are real and taking O as the origin 
and OA as the axis of x, 

5. Isotropic Lines. We proceed to a systematic discussion of 
distance and angle in the complex plane. The formulas for them we 
assume to be the same as in the real plane. 

Distance between Two Points. If the points are (xi, 2/1), (x2f 2/2)1 
the square of the distance is 

D- = (a;2 — xiY + (?/2 — yiP. 

There are, in general, two values for the distance D, and there is 
usually no reason why one of the values should be preferred to the 
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other.* Accordingly, we shall restrict ourselves, whenever possible, 
to the square of the distance. 

The one case when D is single-valued occurs when is zero. This 
case, though trivial in the real plane, is now, in view of the paradox 
of the previous paragraph, of peculiar interest to us. 

Let us investigate the locus of a point (x, y) which moves always 
at zero distance from the fixed point (a;©, 2/0) • The equation of the 
locus is 

{x - x^Y + (y - V^Y = 0 . 

But 

{x - X^Y + {y — yoY = L(x - Xo) - i{y - ;(/o)][(x - Xo) + i(y - 2/0) ]. 

Hence the locus consists of the two straight lines 

( 1 ) {x - Xo) - i{y - 2/0) = 0 , (x - Xo) + i(y - 2/0) = 0 

which pass through (a^o, 2/0) and have respectively the slopes — i 
and f.f 

A line whose slope is — i or i we shall call an isotropic line, or simply 
an isotropic. The answer to our locus problem then becomes 

Theorem 1. The locus of a point which moves so that it is always at 
zero distance from a given point consists of the two isotropic lines through 
the given point. 

Any two finite points Pi, P2 on an isotropic L are at zero distance; 
for, L is part of the locus of points at zero distance from Pi and there- 
fore, since P2 lies on L, P1P2 = 0 . Conversely, if Pi, P2 arc at zero 
distance, the line joining them is an isotropic; for, since P1P2 = 0 , 
P2 lies on the locus of points at zero distance from Pi, and hence lies 
on one of the isotropies through Pi. 

Theorem 2. A necessary and sufficient condition that a line he an 
isotropic is that the distance between any two finite points on it be zero. 
The isotropies of slope — i form the pencil of parallel lines through 
the point at infinity /:(!,— i, 0 ); and the isotropies of slope i, the 

* If the points, for example, are (z, i), (1, 1), then Z)* = 2(1 — z*)* and 
P == i -^/2 (1 z). ^ 

t We agree to employ the usual formula, 

3/2 Xi 

for the slope of a line. It follows that the slope of a line can be read from its 
equation in the usual way. 
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pencil of parallel lines through the point at infinity J : (1, t, 0). 
The equations of the two pencils are 

where k and I are arbitrary constants. 

The Circvlar Points at Infinity. The null circle, 

(x - XaY + (y - y^Y = 0, 

inasmuch as it consists of the isotropic lines (1), goes through the 
points I and J. In fact, every circle goes through I and /, for, the 
equation of an arbitrary circle, in homogeneous coordinates, is 

x\ + x\-^ UiXiXa + CL^x^^ + a^xl = 0, 

and it is readily verified that (1, — f, 0) and (1, i, 0) satisfy this 
equation. 

Conversely, if the conic, 

Axl + BxiXi + Cxi + DxiXa + EX 2 X 3 + Fxl = 0, 
contains I and then * 

A - Bi - C 0, A + Bi - C = 0, 
whence A = C and R = 0: the conic is a circle. 

Theorem 3. A necessary and sujficicnt condition that a conic be a 
circle is that it pa>ss through the vertices, I and J, of the pencils of isotropic 
lines. 

It is from this property that I and J take their conventional name: 
the circular points at infinity. 

Distance from a Point to a Line. The square of the distance is given 
by the usual formula: 

_ (oiXo + 022/0 + a^Y 

Ol + 02 

The distance is, in general, defined and double- valued. However, when 
the line is an isotropic, then a? + ol = 0 and the formula has no 
meaning. The distance from an isotropic line to a poirU, even if the 
point is on the line, is undefined. 

Angle and Perpendicularity. Let Li and L 2 be two isotropies of the 
same kind, that is, two isotropies whose slopes, Xi and X 2 , have the 
same value, i or — i. Then X 1 X 2 = — 1, or 1 + X 1 X 2 = 0. Since 
this is the usual condition for perpendicularity, we are tempted to say 
* It is assumed that A, R, C are not all zero. 
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that L\ and L 2 , which are already known to be parallel, are afeo per- 
pendicular ! 

According to the agreement made at the beginning of the paragraph, 
the angle from one line to another is given by the usual formula 


( 2 ) 


tan 6 = 


X2 ~ Xi 
1 -b X1X2 


or by the corresponding formula for cot 6^ so long as either has 
meaning. In the present case, Xi = X 2 , 1 + X 1 X 2 = 0, and neither 
formula has meaning: the angle 6 is undefined. 

Accordingly, wc cannot talk of the angle between two isotropic lines 
of the same kind. Nor can we talk of their being perpendicular, for 
perpendicularity means intersection under a right angle. The two 
isotropies remain simply what they were originally — parallel.* 

We consider next the angle from an isotropic to any other finite line, 
not an isotropic of the same kind. If the isotropic is of slope — i and 
the second line of slope X, we have 


Now t 
(3) 


tan 0 = 


X ~f- 
1 - Xi 


. X + i 

i — — = I. 

X + % 


1 p-Bi 


When tan 0 = i, this relation becomes 

e®* =0, or 01 = log Ol 

If we had taken an isotropic of slope i, we should have found that 
tan 0 = — 1 and hence that 


e-Bi =0, or — 01 = log 0! 

In both cases, the angle 0 is undefined. Hence we conclude: 

An isotropic line fails to make an angle with any line. 

* The concept of parallelism is independent of that of angle. Two finite 
lines are parallel, if they intersect in a point at infinity, 
t Assuming the relations, 

(a) == cos 0 -f 1 sin 0, = cos 0 — t sin 0, ^ 

we obtain, on addition and subtraction, 


( 6 ) 


_ p—Bi 

^ 27~ ^ 


cos 


2 


Thus, tan 0 has the value given in (3). See Osgood, Admnced CcdcuLus, pp. 
337, 338 for a discussion of the relations (a) when 0 is real and thid., pp. ^3, 
604 for the justification of equations (b) and (3) when 0 is complex. 
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The converse is true : If the angle between two finite lines fails to exist, 
at least one of the lines is an isotropic. The angle between two lines, of 
slopes Xi and X 2 , fails to exist when tan 9, as given by (2), is of the 
form 0/0, or when tan 9, or cot 9, is defined, but 9, as given by (3) 
or the equivalent formula 


(4) 



i — tan 9 
i + tan 9 


is not defined. If tan 9 = 0/0, then Xi = X 2 and 1 + X 1 X 2 = 0, 
and the two lines are isotropies of the same kind. On the other liand, 
it is a fact, the proof of which need not concern us, that 9, as given 
by (4), is undefined only if tan 9 = i or tan 9 = — t. Then (2) 
reduces to 


(Xi + i)(X2 — i) = 0 or (Xi — i )(\2 + i) = 0, 


and at least one of the lines is an isotropic. 

Remarks. Inasmuch as an isotropic line fails to make an angle 
with any line, it has no slope-angle. This does not mean that it has 
no slope; for the slope X of a line is given by the familiar formula, 

^ _ 2/2 - ?/i 

A = » 

X2 — Xi 


and, thus defined, it is no longer dependent on the concept of angle; 
it is the ratio of the projections on the axes of a directed line-segment 
on the line. 

The tangent of the angle 9 from a line Li to a line L% can also be 
defined independently of the angle 9. In fact, a slight extension of 

the usual definition of tan 9, as the ratio of 
two directed line-segments (Fig. 2), yields 



tan 9 


MP2 

PiM 


from which the usual formula for tan 9 
in terms of the slopes of Li and L 2 can 
be readily derived.* 

Since the concept of the tangent of the angle from Li to L2 is a 
generalization of the idea of slope, we can justifiably call it the relative 

* It is understood, of course, that we derive the formula for real lines and 
then agree to apply it also to imaginary lines. 
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slope of L 2 with respect to Li. Thereby, the name as well as the 
definition is divorced from the idea of angle. 

The angle from an isotropic to a second line is undefined. But the 
relative slope of an isotropic with respect to any finite line, not an 
isotropic of the same kind, is always defined. We found for it the 
constant value, i or — i, according as the isotropic is of slope — i or i. 
Hence, an isotropic has the sa7ne relative slope with respect to every finite 
linCf not an isotropic of the same hind. It is from this property that 
the isotropic lines take their name.* 

Isotropic lines are frequently called 7ninimal lines, since they are 
the lines of zero distance and hence, so it is argued, of minimum 
distance. The terminology is, however, not well motivated. For, 
though zero is the minimum distance in the real plane, it cannot be 
so regarded in the complex plane. There is no greater than^^ or 
‘‘less than'’ for complex numbers and, therefore, no smallest complex 
number. 

EXERCISES 

1 . Prove directly, by means of the distance formula, that the distance 
between two finite point.s on an isotropic of slope — t is zero. 

2. Find the points on the line x y + 2 =0 which are at zero distance 
from the origin. 

3- Prove that the finite line aix + a 2 y + aj = 0 is an isotropic if and only 
if ai^ + 02* = 0. 

4. If an ordinary quadrilateral has as its sides four isotropic lines, two of 
each kind, the diagonals are mutually perpendicular and bisect one another. 

Prove the theorem in the special case in which two opposite verti(;es of the 
quadrilateral are the conjugate-imaginary points (2, 3i) and (2, — 3 0. 

5. Show that the sqmire of the distance between two conjugate-iinaginary 
points is real and negative. 

6. Show that two conjugate-imaginary lines can never be perpendicular. 

7. Show that the Pythagorean theorem is valid in the comiilex plane. 

8. What is the locus of a point which moves so that it always subtends a 
right angle at two given imaginary points whose join is an isotropic line? 
Substantiate your answer analytically. 

6. Laguerre’s Definition of Angle. The group of rigid motions 
possesses, as an invariant, the square of the distance between two 
points, real or imaginary. A rigid motion must, therefore, carry two 
points at zero distance into two points at zero distance and hence an 
isotropic into an isotropic. 

* Derived from the Greek: taos, equal, and Tpkirct), to turn. 
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To prove this analytically, we have merely to show that a rigid 
motion carries the circular points at infinity into themselves, since 
then it will carry a finite line through a circular point into a finite line 
through a circular point, that is, an isotropic into an isotropic. 

The equations, in homogeneous coordinates, of the general rigid 
motion are 

pxi = Xi cos 6 ^ X2^\nd + a xi, 

px2 = Xi sin 6 + X2 cos $ + bx^^ 

/ 

pxz = Xi. 

Substituting for (xi, X2, xg) the coordinates ( 1 , — i, 0 ) of I, we get 
xi = 0 and 

px\ = cos 0 + t sin 0 = 1 (cos B + i sin B), 
pX2 = sin B — i cos B = — i (cos B + i sin B). 

Taking p equal to cos B + i sin we have xi = 1 , xi == — i. Hence 
the rigid motion carries I into itself. Similarly, it carries J into itself. 

Theorem 1. Every rigid motion carries each of the circular points 
at infinity into itself , and each isotropic line into an isotropic line of 
the same kind. 

Two finite nonisotropic lines, Li and L2, intersecting in a finite 
point P, and the isotropies Lj and Lj through P arc carried respec- 
tively into two finite nonisotropic lines, Li and L2, intersecting in a 
finite point P', and the isotropies Lj and Lj through P'. A rigid 
motion, being a special collineation, preserves cross ratio. Hence 

(L'rLi, LjVj) = (L1L2, LiLj). 

Theorem 2, The cross ratio, 

( 1 ) r = (L1L2, LjLj), 

in which the nonisotropic lines Li, L2 are separated by the isotropic lines 
Li, Lj through their point of intersection is an invariant with respect to 
the group of rigid motions. 

Inasmuch as, when Li and L2 are chosen, the isotropies Lt and Lj 
are determined, the cross ratio r is an invariant of the lines Li, L2 
alone. But the angle B from Li to L2 is a metric invariant of Li, L2, 
and we should hardly expect to find a second invariant which is 
independent of B. It is natural, then, to look for a relationship con- 
necting r and B. 

Suppose that we compute r. Let the slopes of Li and L2 be Xi 
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and Xj.* Those of Lj and Lj are — i and i. Hence 


(Xi + i)(X2 ~ i) _ (1 “h X1X2) + t(X2 ~ Xi) 
(Xi - i){\2 + i) " (1 + X1X2) - i{\2 - Xi) ‘ 


But 

. n X 2 — Xl 

Hence 

1 + t tan B 

T = 

1 — i tan B 

or 


(2) 

tan ^ = T —777 • 
1 r + 1 


Comparing this relation with 


1 

tan 6 = ~ 


i + 1 


we have 

,(3) r = or ^ ^ 


Theorem 3. If L\ and L 2 are finite nonisotropic lines intersecting 
in a finite pointy the angle 6 from Li to Li is given by 

1 r — 1 1 

tan ^ = T — tt ^ = TT 

i r + I 2i 

where r is ike cross ratio (LjLs, L/Lj). 

If Li and Li are perpendicular, it follows from (2) that r == — 1, 
and conversely. 

Theorem 4. Two finite nonisotropic lines are mutually perpendicular 
if and only if they are separated harmonically by the isotropic lines 
through their point of intersection. 

These theorems f constitute projective definitions of angle and per- 
pendicularity ; they characterize angle and perpendicularity in terms 
of cross ratio and harmonic division. They thus serve as a connecting 
link between metric and projective geometry, the importance of which, 
as will be borne in on us later, can hardly be overestimated. 

They also throw light on the r61es of the isotropic lines. Formerly, 
we could only look on the isotropies as destructive; they upset not a 

* The case in which one of the lines is parallel to the axis of ^ is left to the 
reader. 

fThe theorems were first established by the French geometer, lAgucrre, 
in 1853. 
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few of our preconceptions. Now, the isotropies appear in a con- 
structive r61e, as the basis for new interpretations of angle and per- 
pendicularity. 

Moreover, the peculiar behavior of an isotropic with respect to 
angle and relative slope now ceases to be a mystery. When one of the 
lines I/i, Li is an isotropic, the four lines in the cross ratio r are no 
longer distinct and we expect something peculiar (Ch. VI, § 7). 
Sui)pose, for example, that Li is the isotroj^ic through P of slope — 
coincident therefore with Lj. ^hcnr=(L/L2, LiLj) = 0 , Thus, 
the cross ratio is the same, no matter what line, other than Lj itself, 
is chosen as L2. Consequently, it is no wonder that the relative slope 
of Lj with respect to L2 is constant. 


EXERCISES 

1. Prove directly that a rigid motion carries an isotropic of slope i into an 
isotropic of slope i. 

2. hjstablish the theorem of § 5, Ex. 4 in the general ease. Proceed syn- 
thetically, employing the harmonic properties of a complete quadrilateral and 
Laguerre’s definition of perpendicularity. 


7. The Relationship of Metric to Projective Geometry. We know 
that the rigid motions are particular collincatioris and we have just 
learned that they leave each of the circular points at infinity fixed in 
position. Can we characterize them as the colliiications with this 
property? 

If the collineation 


pxt — aiio^i + (iviXi -|- ^13X3, 

0) pa;2 = anXi -f 0 . 22 X 2 + a23.^3, | aij \ 9 ^ 0 

pXi = as 1X1 4- a32X2 + a33X3, 


leaves 7 and J fixed, it carries *the line of I and J into itself: X3 == 0 
into .T3 = 0. Hence, azi = asa = 0 and 9^ 0. Dividing each of 
the equations (1) by 033, we get 


( 2 ) 


(TXi = CLiXi -p (I2X2 H" 03X3, 
crX2 — hiXi -p 62X2 "p ^3X3, 
(TXi = Xs, 



a2 

62 


5*^ 0, 


where we have written a in place of p/aa and, for example, ai instead 
of aii/uss. 
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Since (2) is to carry each of the circular points at infinity into itself, 

O’! = Oi — I CL2t (Ti = Oi -f- i dif 

— I O’! = 6i — i 62, i bi + i 62. 

Hence 

i fli + ^2 4 " ^>1 “ i 62 = 0, 

— i <Zi 4“ fl2 4“ “h i ^2 ~ 0, 

and 

CI2 — bly 62 “ Ul* 


Substituting these results in (2) and introducing nonhomogeneous 
coordinates, we have 


(3) 


x' = aix — hiy -f ^3, 
1/ = 61a; 4“ aiy 4* ^>3, 


Since al 4- bl 9^ 0, we may set 


A — 4" 5*^ 0. 


. «3 

“ = COS 0 , — = a, 

r r 



where r == Va? 4* 


Equations (3) then take the form, 


(4) 


x' = r (x cos 0 -- y sin 0 4 “ 
y' — r {x sin 0 y cos 0 + 6 ), 


A = r > 0, 


of a transformation of similarity; see Ex. 1, End of Ch. YII. 

The answer to our question is now clear. 

Theorem 1. The tramformations of similarity are the collineations 
which leave each of the circular points at infinity fixed* 

If the transformation (4) carries the points (xi, ?;i), (aro, 2/2) into 
the points (xi, 7/i), (^2, 2/2), then 

(x2 - xiY 4 - (2/2 - yiY = r 2 [(x 2 - xiY 4 - (2/2 " 2/1)*]. 

In other words, the square of the distance between two points is 
reproduced, not absolutely by the transformation, but relativelyy with 
the factor of proportionality r^. We say, then, that 

(x2 - xiY + (2/2 “ yiY 

is a relative invariant of the points (xi, ?/i), (x2, 2/2) with respect to the 
group of transformations of similarity. 

* We have proved only that a collineation which leaves I and J fixed is a 
transformation of similarity. lH?t the reader establish the converse. 
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In order that the square of the distance be an absolute invariant, r® 
must be equal to unity, that is, our group of transformations must 
reduce to the group of rigid motions. 

Theorem 2. The rigid motions are the collineations which leave each 
of the points I and J fixed and have the square of the distance between two 
finite points not merely as a relative, but as an absolute, invariant. 

Rigid motions and transformations of similarity differ in only one 
particular. The former preserve both the shape and the size of a 
figure, whereas the latter preserve only the shape. The geometry of 
similarity, the geometry associated with the group of transformations 
of similarity, takes cognizance only of the shapes of figures, whereas 
metric geometry, the geometry of the group of rigid motions, also 
considers their dimensions. 

The geometry of Euclid is, in part, a geometry of similarity and, in 
part, a metric geometry. In the theory of similar figures, it takes 
account only of shape; in the theory of congruent figures and in the 
large body of work on mensuration, it is concerned also with size. 
Taken as a whole, however, Euclidean geometry is metric geometry, 
inasmuch as it is only with respect to the group of rigid motions that 
all the properties studied in Euclidean geometry are preserved. 

On the other hand, the distinction between metric geometry and 
the geometry of similarity is so slight as to be relatively unimportant, 
particularly in comparison with the relationships which the two 
geometries bear to projective geometry, the geometry associated with 
the group of all collineations. These relationships are evident from 
Theorems 1 and 2. The geometry of similarity is precisely the 
geometry of the subgroup of the group of collineations which consists 
of those collineations leaving the circular points at infinity fixed. 
Metric geometry is the geometry of this subgroup subject to the condi- 
tion that distance be an absolute, instead of a relative, invariant. 
Disregarding this condition as of minor significance, we can describe 
metric geometry as a subgeometry of projective geometry, obtained 
from it by demanding that two conjugate-imaginary points remain fixed. 

In light of this interpretation of metric geometry, the isotropies — 
the lines through the fixed points — and Laguerre^s definitions of angle 
and perpendicularity appear in true perspective, as fundamental, 
rather than unnatural or artificial, elements in the theory. 



METRIC GEOMETRY OF THE COMPLEX PLANE 131 


Exbrcise. Determine the collineations which leave each of the two real 
points (1, 1, 0), (1, — 1, 0) fixed. Show that 

(xj - a;,)* - {yt - yiY 

is a relative invariant of (xi, 2/1), (xa, with respect to these coilineations. 


8. Applications to Conics. An equation of the second degree, 

(1) Ax\ + Bx\X 2 Cx\ + DxiXz ■+■ Ex^xz + Fxl = 0, 

with real coefficients, of which A, R, C are not all zero, represents a 
conic. According as the discriminant 


A = F(4 AC - R2) -f. bDE - AE^ - CD* 

does not, or does, vanish, the conic is nondegenerate or degenerate; and 
according as — 4 AC > 0, = 0, or <0, the conic is a hyperbola, 
parabola, or ellipse. 

In the elliptic case, (1) can be reduced by a change of axes to one of 
the three forms 


( 2 ) 





- 1 , 




== 0 . 


The second of these equations has no locus in the real plane. But in 
the complex plane, it has a locus comparable with that of the first 
equation. Thus, there are two kinds of nondegenerate ellipses: those 
with real traces — continua of real points; and those without real traces. 

The degenerate ellipse represented by the third equation of (2) 
consists, for us, of the two conjugate-imaginary intersecting lines 


(3) 



X 

a 


.?/ 


b 


= 0 . 


In the parabolic case, equation (1) can be reduced to 
= 2 mx or y* = 


according as A 5*^ 0 or A = 0. There is but one type of nondegenerate 
parabola. A degenerate parabola consists of two parallel lines, which 
may be real and distinct, real and coincident, or conjugate-imaginary. 

There is but one type of nondegenerate, and one type of degenerate, 
hyperbola: 


(4) 


o* ’ o* b^ 


A degenerate hyperbola consists of two real intersecting lines. 

From this review of the facts, we conclude the following theorem. 
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Theorem 1. A conic is degenerate if and only if it consists of two 
straight lines, distinct or coincident. 

Relationship of a Conic to the Line at Infinity. The points in which 
the conic (i) is met by the line at infinity, Xz = 0, are given by the 
solutions of the quadratic equation 

Ax\ + Bx^xz + Cx\ = 0. 

These points arc real and distinct, real and coincident, or conjugate- 
imaginary, according as > 0, = 0, or < 0. 

Theorem 2. A conic is a hyperbola, a parabola, or an ellipse ac^ 
cording as the two points in which it intersects the line ot infinity are real 
and distinct, real and coincident, or conjugate-im, aginary. 

The characterization of the parabola indicates that the nondegener- 
ate * parabola, 

2/^=2 rnx or xl ~ 2 niXiXs, 

is tangent to the line at infinity. To check this fact, we write the 
equation of the tangent at the point (xq, yo) or (ri, rg, rs), namely 

yoy = m(x + xo) or r 2 X 2 = m(r 3 Xi + riXs). 

The point at infinity on the parabola is the point (1, 0, 0), in the 
direction of the axis. The tangent at this point is 

0j 2 = + 1 or Xz = 0. 

Theorem 3. A parabola is tangent to the line at infinity at the point 

at uifinity in the direction of its axis. 

If the conjugate-imaginary points in whicli an ellipse meets the 
line at infinity are, in i)articular, the circular points at infinity, the 
ellipse is a circle. 

Asymptotes. It is reasonable to expect that the tangents to a 
hj’^pcrbola at the two points in which it intersects the line at infinity 
are the asymptotes of the hjqjerbola. Let the reader show that this 
is, in fact, the case. 

On the basis of this result, we formulate a new definition of an 
asymptote. 

* From now on, in this and the following paragraph, we restrict ourselves 
to nondegencrate conic^s. 

t What tacit agreement is being made here as to the definition of the tan- 
gent to a conic at a point at infinity? 
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Dbfinitiok. a tangent to a carve at a point at infinity is an asymptote 
of the curve, provided that the tangent is not the line at infinity, 

A parabola has no asymptotes. An ellipse, whether or not it has a 
real trace, has two conjugate-imaginary asymptotes which, as can 
readily be shown, intersect in the center. The asymptotes of a circle 
are, then, the isotropic lines through the center. 

EXERCISES 

1. Show that 

2A B D 
A = i R 2C E 
D E 2F 

2. Prove that the equation of the tangent to the curve (1) at the point 
(ri, rz, Ti) is 

B BE 

A TiXi -f- 2 (^2^1 + TiXz) -f- CrzXz + ^ (raXi -f- riXz) -f - {r^Xz + TzX^) 

-f Fr^Xz = 0. 

First solve the corresponding problem in nonhomogeneous coordinates.* 

3. Find the point at infinity on the parabola 

a;® — 4a;2/-h4t/*-l-2a;-l-2/ — 6 = 0, 
and hence determine the direction of the axis. 

4. Show that the tangents to the hyperbola represented by the first of the 
equations (4), at its points at infinity, are given by the second of the equations 
(4). 

5. Prove that the asymptotes of either of the ellipses represented by the 
first two equations in (2) have the equations (3). 

6. Find the equations of the asymptotes of the hyperbola 

X* — XI/ — 2 7/2 — X -h 5 2/ — 3 =0, 

and hence obtain the coordinates of the center. 

9. Isotropic Tangents. Foci and Directrices. Parabola. There 
is a unique tangent to the parabola, 

(1) 2/^=2 mx, 

with a prescribed slope 0), namely f 

/ 

Hence there are two tangents which are isotropic lines, one of slope 

* See A nalyiic Geometry, p. 188, Ex. 2. 

t See Analytic Geometry, Ch. IX, § 6. 
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i and one of slope — i: 

. , »« . m 

( 2 ) V = ^+2V 


In what point do these isotropic tangents intersect? Evidently, 
in (m/2, 0), the focus! 

What are their points of contact with the parabola? The points of 
the parabola which lie on the directrix! For, since they have the 
common intercept, m/2, on the axis of a;, their points of contact have 
the common abscissa, — m/2, and so lie on the direct- 
rix a; = — m/2* 

Theorem 1. There are two isotropic tangents to a 
parabola. They intersect in the focus and their points 
of contact lie on the directrix. 

The relationships described are pictured symbolic- 
ally in Fig. 3. 

Ellipse. There are two tangents to the ellipse 



Fig. 3 


(3) 


a2 ^ b^ ^ 


a > 6, 


which have a given slope X, namely 

y = Xx d: Va^X^ + 6*. 

There are, therefore, four isotropic tangents, two of each kind. 
Their equations are readily found to be 


(4) 


(a) 

(&) 


2 / = i (x - c), 
y = i (.T + c), 


(c) 2/ = - i (x - c), 

(d) y = - i (x + c). 


Two opposite vertices of the ordinary quadrilateral formed by the 
four isotropic tangents lie on the axis of x, in the real points F : (c, 0) 
and F' : (— c, 0), and the othel: two lie on the axis of y, in the con- 
jugate-imaginary points (y : (0, ci) and C? : (0, — ci). The quadri- 
lateral is of the type discussed in § 5, Ex. 4. Its diagonals lie on the 
axes and bisect one another. 

Lemma. If the intercepts of a tangent to (3) are At B, the coordinates 
of the point of contact are (aVA, b^/B). 

* That the abscissa of the point of contact of a tangent to (1) is the negative 
of the x-intercept of the tangent is evident from the equation, yoy=m(x-l-xo), 
of the tangent at (xo, yl). 
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According to the Lemma, the points of contact of the two tangents 
through F : (c, 0) lie on the line D : x = a^/c and those of the tangents 
through F' : { — c, 0) lie on the line 
: X = — aVc. Similarly, the points 
of contact of the tangents through 
O : (0, c i) are on the line E : y = ¥/ci 
and those of the tangents through 
G : (Of — c i) are on the line 
E : y — h^fci. 

The points F and P' are the usual 
foci of the ellipse, and the lines D and 
D' are the corresponding directrices. The points G and G 
we also agree to call foci and the lines E and P, the corresponding 
directrices. 

Theorem 2. An ellipse with a real trace has four isotropic tangents, 
two of each kind. The finite intersections of the isotropic tangents are 
the foci of the ellipse, and the points of contact of the two tangents through 
a given focus lie on the corresponding directrix. 

In the properties which an ellipse has with respect to the real foci 
and directrices, the transverse axis plays the principal r61e. There 
ought to be, and there actually are, similar properties with reference to 
the conjugate axis, and in these the conjugate-imaginary foci and 
directrices are fundamental. 

The two sets of properties can best be exhibited in a table. 


Foci 

Directrices 

Properties 


F,F':(^c,0) 

D, D'; X— ± ~ 
c 

±FP±F'P=2a, 


0* 

G, O'. (0, ±ic) 

- 6* 
E, E :y= 

ci 

±GP±GP =26, 

PNi ® 

c® 


The focus-directrix properties, as exhibited in the last two columns, 
are expressed in terms of the squares of the distances of a point P on 
the ellipse to a focus and to the corresponding directrix, in order Jio avoid 
the ambiguity which arises from the fact that diRtancp in the comnlex 
plane is double-valued. 

In the case of the properties appearing in the third column, this 
ambiguity cannot be avoided and the equations must be interpreted 
with care. The first equation, for example, really stands for the four 
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equations corresponding to the four possible combinations of signs 
(+1 +), -), (+, “), (-, +). It implies that FP and F'P, 

once they have been chosen as definite determinations of the distances 
from a point P on the ellipse to F and F', satisfy one of the four 
equations. Thus, if P is a real point and FP and F'P are both taken 
as positive, it is FP H- F'P which is equal to 2 a. 


EXERCISES 


1. Verify the relations: 

db(?PdbOP = 26, 



c* 

5 “ 


Show that the sum of the squares of the reciprocals of the two eccentricities 
e, 6' is unity. 


2. Discuss the isotropic tangente, foci, and directrices of a hyperbola and 
summarize the results in a table. 


3. The same for an ellipse without a real trace. 

4. Determine the coordinates of the focus of the parabola 


2xy ‘if — 2x 2y — \ =0. 

S. Find the foci of the hyperbola 


- 2^xy - 1/* - 150 = 0. 



CHAPTER IX 


ONE-DIMENSIONAL PROJECTIVE GEOMETRY 

1. One-Dimensional Metric Coordinates. Coordinates in a Range 
of Points, As the basis for Cartesian coordinates on a real * line L, 
we choose on L a finite point 0, a sense of ^ ^ 

direction, and a unit distance. The nonhomo- ^ — i 1 

geneous coordinate x of a finite point P is, 

then, the directed line-segment OP: ^ 

x= OP, 

Corresponding homogeneous coordinates (a:i, X2) of the finite 
point P consist of any two numbers x‘i, X2 whose ratio is x: 

— = Xy X2 7 ^ 0 . 

X2 

When P recedes indefinitely on L in eitlier direction, x becomes 
infinite, and conversely. Accordingly, we associate with the point 
at infinity on L the homogeneous coordinates (1, 0 ) or, more generally 
(P, 0 ), p 5*^ 0 . 

Every point on tlic extended line L now has homogeneous coor- 
dinates and every number pair (xi, X2)t other than (0, 0), serves as 
homogeneous coordinates of a point. 

Coordinates in a Pencil of Lines. Let Lo be a fixed line of the pencil 
of lines through a finite point and choose a positive sense for the 
/L* measurement of angles at the point. A nonhomo- 

/ \ geneous coordinate, n, of a line L of the pencil is 

/ \ tangent of the angle d from Lo to L: 

^ — L« The line Lif perpendicular to Lo has no coordinate. 

^ As liomogcneous coordinates (iti, of Jhe line 

L, not L+, we take any two numbers Wi, whose ratio is u: 

~ — w, W 2 5*^ 0. 

U2 

* We restrict ourselves for the time being to the domain of real points and 
real lines. 
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To Li^ we give the homogeneous coordinates (1, 0), or, more generally! 
(Pl 0), P 7*^ 0. 



The Extended Line as a Closed Continuum, If the angle <l> in Fig. 3 
increases from 0 to 2 tt, the point P traces the circle. Thus the points 
of the circle are represented by the values of <t> in 
the interval 0 ^ 0 S 2 tt, where the point Po cor- 
responds to both the values 0 and 2 tt. 

The totality of real numbers in the interval 
0 = 0 = 2 TT constitutes what is known as a con- 
tinuous set of numbers, or a continuum. Accord- 
ingly, we call the totality of points on the circle 
a continuous set of points, or a continuum. 

The points of the circle other than Po, represented by the values of 
0 in the interval 0 < 0 < 27r, also form a continuum. In this case 
we speak of an open continuum; in the previous case, of a closed 
continuum. 

The lines of the pencil of Fig. 2 wc can think of as represented by 
the values of 0 in the interval — 7r/2^P^7r/2, where to corre- 
spond both — 7r/2 and 7r/2, The totality of these lines forms a closed 
continuum. 

If one line of the pencil is removed, there remains an open contin- 
uum. If L+ is removed, the open continuum which is left is repre- 
sented by the values of 6 in the interval — 7r/2 < ^ < 7r/2, or by all 
the values of the coordinate w : — oo < w < oo. 


The points of the line of Fig. 1, exclusive of the point at infinity, 
are represented by the totality of values of the coordinate x : 
— 00 < .r < Qo , They form an open continuum. When the point 
at infinity on the line is added, the continuum becomes closed. 

In the cases of the circle and the pencil of lines, there is intuitive 
evidence both of the continuity and the closure. It is, however, 
impossible to visualize the extended straight line as having the in- 
tuitive properties of continuity and closure as well as that of straight- 
ness. 

Though the geometric evidence of continuity “across the point at 
infinity '' is lacking, the analytic proof is immediate. Since the 
totality of values of in the interval 1 ^ X 2 = — 1 is continuous, 
the totality of number pairs (1000, x^ where 1 = X 2 ~ — 1 is con- 
tinuous. Hence, the totality of points on the extended line which 
have these number pairs as coordinates is continuous. But these are 
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(Fig. 4) all the points of the line beginning with the point z » 1000, 
continuing to the right “through the point at infinity” and returning 

from the left to the point a: = — 1000. 

_ ^ ^ -1000 1000 

The extended straight line is a closed con- ' ' ' 

tinuum, ^ 

The reader may feel more reconciled to this fact after he has studied 
Fig. 5. This figure depicts a correspondence between the points 
of an extended line L and those of a circle C 
which is contimious and one-to-one without ex- 
ception. The correspondence is established by 
the projection of L on C from the point 0. In 
particular, to the point at infinity on L corre- 
sponds the point V in which the line through 
0 parallel to L meets C, and to the point 0 
corresponds the point T in which the tangent 
to C at 0 meets L. 

2. Projective Coordinates in a Range of 
Points. We proceed to devise, for use in pro- 
jective geometry, coordinates which are based 
only on projective properties.* We begin with the range of real 
points on a real line L. 

Definition, If P*, Po, Pi are three distinct fixed points, and P is an 
arbitrary point, of the range, the projective coordinate x of P, with respect 
to P*, Po, Pi, is defined as the cross ratio (Pi^iPot PiP) • t 

a; = (P^Po, PiP). 

Each point P, other than P*, has a unique coordinate x; in par- 
ticular, Po has the coordinate 0, and Pi the coordinate 1; see Ch. 
VI, § 7, Th. 1. The point P# has no coordinate; when a variable 
point P approaches P* as a limit, the coordinate x of P becomes infinite. 

* Von Staudt (1798-1867) was the first to free projective geometry from 
all metric elements. 

t Though the projective coordinate x is defined in terms of cross ratio, it is 
not, as here introduced, entirely divorced from metric geometry, inasmuch as 
we defined cross ratio originally in terms of distance. It is possible, however, 
starting from a projective definition of harmonic division (Ch. IV, § 7) to 
build up a theory of cross ratio and projective coordinates which is purely 
projective and in which a projective coordinate in a range of points appears, 
as here, as a cross ratio. A development along these lines is beyond the scope 
of the present book; see J. L. Coolidge, Non^Eudidmn Geometry, Ch. XVIIl. 
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The points F#, Po, Pi are called the basic points of the coordinate 
system. Inasmuch as they can be chosen arbitrarily, there are 
infinitely many projective coordinate systems in the range. 


Theorem 1. The metric coordinates on L arc the special projective 
coordinates obtained by taking as F* alwarjs the point at infinity on L, 
The metric coordinate X of an arbitrary point F on L, referred to a 
finite fixed point Fo as origin and a directed line-segment FoFi as 

unit distance, is 

Kp 


0 1 X 

^ 


P.x 
Fio. 6 


X = 


FoFi 


On the other hand, the projective coordinate x of F, with respect to 
Fao (as F*), Fo, Fi, is 

a: = (P«Po, P.P) = (PPi, PuP«) = 

PoP 1 


Consequently, X = x: the metric coordinate of F is equal to the cross 
ratio in whic^h the point at infinity and the origin are divided by the 
unit-point,” Y = 1, and F. 


Change oj Coordinates, Let there be given on a line L a metric 
coordinate x and a projective coordinate x\ both chosen at pleasure 
(Fig. 7). By dofinitioii o i ». x, x 

x' = {P,l\ PiP). -0 

But 


Fig. 7 


P:x^ 


(F*Fo, PiP) 


(xa - Xi)Ct - .T2) 
(^3 — 3:2) (x — Xi) 


where Xi, X2, xa, x arc the metric coordinates of F*, Fo, Fi, F. Hence 

' = (^3 — Xi)(x - X2) 

(xa — X2){x - xi) 

This equation represents the change from the metric coordinate x 
to the projective coordinate x\ Since Xi, X2, Xa are constants, it is of 
the form of a linear transformation 


. . V . a^ X I a2 . 1 ^ 

(1) x' = 7 -7- » Othz — 02^1 7 ^ 0. 

61 X 4- b 2 

The inverse change, from x' to x, is also of the same form. Thus, the 
change from a metric to a projective coordinate, or vice versa, is given 
by a linear transformation. 
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Let X and x' now be any two projective coordinates on L and let x 
be a metric coordinate. The change from x to x and that from x to 
X* are given, as we have just proved, by linear transformations. 
Hence so is the change from x to x'; for the product of two linear 
transformations is a linear transformation. 

Theorem 2. The change from one 'projective coordinate to a second is 
represented analytically hy a linear transforrnation. 

Properties Expressed in Projective Coordinates. Let Qi, O 2 , Qs, Q* 
be four points on L with projective coordinates xi, xz, xa and 
metric coordinates Xi, 0 * 2 , xst xa- The cross ratio (QiQ 2 f QsQ*) is 
given, in terms of the metric coordinates, by the formula, 


( 2 ) 


(QiQ-if QsQa) 


(^3 — X0(X4 - X2) ^ 
(2*3 — - Xl) 


The change from the metric coordinate x to the projective coor- 
dinate x' is given by a linear transformation and with respect to every 
linear transformation the expression on the right in (2) is an in- 
variant. Hence 

(Xs — Xi)(X4 — X 2 ) _ (Xs — Xi)(Xi - X 2 ) 

(X3 — X2)(X4 — Xi) (Xz — X2)(X4 — Xi) 


and therefore the value of the cross ratio in terms of the projective 
coordinates is 


(3) 


{Q1Q2J Q3Q4) = 


(xz — Xi){XA — X2) 
{xz — X2){x\ — Xi) 


Theorem 3. The expression for the cross ratio of four points on L 
is the same in projective as in metric coordinates. 

It follows that the analytic theory of projective transformations of 
the points of a line L into those of a line U remains the same as before; 
for this theory depended solely on cross ratio. 

Theorem 4. A projective transformation of the points of a line L 
into those of a line L', expressed in terms of projective coordinates on L 
and L', is a linear transformation of these coordinates^ and conversely. 

Two Interpretations of Linear Transformations, In metric geometry, 
the equations 


x' = X cos ^ — 2 ^ sin ^ + a, — x sin d + y cos ^ 

are capable of two interpretations. We can think of them as repre- 
senting either a rigid motion of the plane or a transformation from 
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the Cartesian coordinates (x, y) to new Cartesian coordinates (x', y')* 
In the first case, the coordinate system remains fixed and the points 
of the plane are shifted; in the second case, the points of the plane are 
fixed and new coordinates are assigned to them. 

The linear transformation (1) lends itself, in our present work, to 
two analogous interpretations. It can be thought of as representing 
either a projective transformation of the line L into itself or a trans- 
formation from one system of projective coordinates on L to a second. 

We have not, however, completely established this latter fact. We 
have proved merely that every transformation of projective coor- 
dinates is linear (Th. 2). It remains to show that the converse is true. 

Let a; be a projective coordinate on L and let the linear trans- 
formation (1) carry x into x'. To prove that x' is a projective coor- 
dinate on L. 

Since (1) is uniquely determined by three distinct corresponding 
pairs of values, x\ — > xi^ X 2 — > ici, Xz — > xz^ an equation equivalent to 
(1) is 

{xz — Xi){x — X 2 ) _ {xz — Xi)(x — ^ 2 ) 

(rci — X2)(x^ — Xi) {Xz — X2){x — Xi) 

In particular, let xi = 00 , xi = 0, 0:3 = 1, that is, let Xi be the value 
of X for which x* becomes infinite, and let Xz and Xz be the values of x 
for which x' has the values 0 and 1, respectively. Since xz = 0, 
xi = 1, our equation becomes 

1 — xi ^ _ (x3 — a:i)(x — Xg) ^ 

X — Xi (Xz — X2){x — Xi) 

When xi becomes infinite, the left-hand side has the limit x': 

_ (xz — xi)(x — X 2 ) _ 

(xs — X2)(X — Xi) 

Hence x' is, by definition, the projective coordinate on L which is 
based on the points whose coordinates x are respectively xi, X 2 , xs 

The Nature of the Projective Line* In establishing a system of pro- 
jective coordinates, the point P*, the point in which the coordinate 
becomes infinite, can be chosen at pleasure. On the other hand, the 
point which, in our intuitive conception of the line, we called the point 
at infinity can be made to take on any desired coordinate, by proper 
choice of the basic points. The point at infinity has, therefore, lost 
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its identity; it no longer differs from the other points of the line. 
Hence we conclude, in connection with the considerations of § 1; 

A projective line is a closed continuum with no exceptional point An 
extended metric line is a closed continuum with one exceptional point 

Homogeneous projective coordinates of the point P with the pro- 
jective coordinate x are any two numbers (xi, x^ whose ratio xi/x2 
equals x] those of P* are (1, 0) or (p, 0), p 0. 

EXERCISES 

1 . The linear transformation, 

pz( = 2 xi - 4 x*, pxi * Xi — X2, 

represents a change of homogeneous coordinates. Find the coordinates in 
each system of the basic points of the other system. 

2. Find the linear transformation which represents the change from a given 
projective coordinate x to a new projective coordinate x' whose basic points 
Pii Po» Pi are respectively x = 3 , x = ~ 2 , x = 5 . 

3. Projective Coordinates in a Pencil of Lines. The treatment here 
is essentially the dual of that developed in § 2. The projective coor- 
dinate u of an arbitrary line L of a pencil with reference to three distinct 
basic lines L*, Lo, Li is defined by the cross-ratio: 

u = (Z/41L0, l/iLi). 

Corresponding homogeneous coordinates of L are (wi, 1^2) , where 
U\/u2 = u, while those of L* are (1, 0) or (p, 0), p 0. 

The change from a metric to a projective coordinate in the given 
pencil, and hence the change from one projective coordinate to a 
second, is given by a linear transformation. It follows that cross ratio 
in the pencil and projective transformations of the pencil into itself 
or into a second pencil have the same analytic representations in 
projective as in metric coordinates. 

A Familiar Example of Projective Coordinates, If o : (ai, 02, 03) 
and b : (61, 621 63) are two distinct points, or lines, in the plane, every 
element, except a, of the range of points, or pencil of lines, determined 
by a and b has coordinates of the form p a + 6. Since there is a one- 
to-one correspondence between the elements, other than a, of the 
range, or pencil, and the values of p, p is a coordinate in the range, or 
pencil. In fact, p is a projective coordinate; for, the cross ratio of 
the four elements p = «>,p=0, p=l, p = p, that is, of the four 
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elements a + 6, /i a + 6, is precisely Similarly, if a + Z 6 is 
used instead of a* « + {K 0 are homogeneous projective coordinates 
in the range, or pencil. Hence, we have long since been employing 
projective coordinates in both ranges of points and pencils of lines. 

EXERCISES 

1. Show geometrically that a metric coordinate in a pencil of lines is a 
special projective coordinate. 

2. State and prove the duals of Ths. 2, 3, 4 of § 2. 

4. Projective Correspondences. By means of projective coordi- 
nates we can give a simpler treatment of projective correspondences 
and transformations. At the same time we shall enlarge the scope of 
our theory. 

In Ch. VII we considered in detail projective correspondences 
between two ranges of points. Similar correspondences can also be 
established between two pencils of lines and between a range of points 
and a pencil of lines. To avoid the awkwardness of separate state- 
ments in the three cases, we agree to call ranges of points and pencils 
of lines by a single name: one-dimcnsional fundamental forms. The 
definitions of a projective correspondence in the three cases can then 
be written as one. 

Definition. Two one-dimcnsional fundamental forms are in pro^ 
jective correspondence if the elements of one are in one-to^ne corre-- 
spondcnce with the elements of the other so that corresponding cross ratios 
are equal. 

Similarly, in the case of the fundamental theorem: 

Theorem 1. There exists a unique projective correspondence between 
two one-dimensional fiindamental forms which orders to three given 
distinct elements of the one form three prescribed distinct elements of the 
other. 

We choose to give the proof in the case of two pencils of lines. Take 
the three given lines of the one pencil as the basic lines L*, Lo, Li for a 
projective coordinate t/, and the three corresponding lines of the other 
pencil as the basic lines L^, Lo, Li for a projective coordinate u. 
A projective correspondence which orders Li to L*, Lo to Lo, and Ll 
to Ll must order to a line L : u ol the first pencil the line U : w' of 
the second for which 


(LiL'o, L'lL') = (L*Lo, UL). 



ONE-DIMENBIONAL PROJECTIVE GEOMETRY 145 


Hence 

(1) tt' = t*. 

But the correspondence established by this equation is surely pro- 
jective. Hence, the theorem is proved. 

The projective transformation (1) of the first pencil into the second 
is a linear transformation. Moreover, it remains linear if, instead of 
u and u\ other projective coordinates are introduced, since the change 
from one projective coordinate to another is given by a linear trans- 
formation. Conversely, every linear transformation of a projective 
coordinate u of the first pencil into a projective coordinate of the 
second has the characteristic properties of a projective transformation. 

Theorem 2. The projectwe transformations of a one-dimensional 
form into a second one-dimensional form are identical with the linear 
transformations of a projective coordinate in the first form into a pro-^ 
jective coordinate in the second. 


5. Complex Projective Geometry. Consider, in connection with a 
projective coordinate system in a one-dimensional form, the arbitrary 
complex number, w = w' + i If w is real, it is the coordinate of an 
element already present, a real element. If w is imaginary, there is 
created a new element called an imaginary element, to which w is 
given as a coordinate. The totality of real and imaginary elements 
constitutes the complex one-dimensional form. 

To define the cross ratio of four complex elements of the form, we 
agree to take the usual expression in their coordinates: 


( 1 ) 


(EiE2t EzEi) — 


(Wz — Wi)(Wi — W2) 
{Wz — W2){‘Wi — Wi) 


as long as it has a meaning. But the expression always has a meaning 
when the four elements are distinct, and, when they are not distinct, 
it gives rise to the sanae considerations and agreements as in the case 
of real elements (Ch. VI, § 7).* 

Since the theory of cross ratio is the same for complex elements as 
for real elements, the theory of one-dimensional projective^ corre- 
spondences, so far as we have developed it, is the same for complex 
one-dimensional forms as for real one-dimensional forms. 


* We note that, if j&o, E\ are the basic elements of the form and E the 
element with coordinate w;, then w = (Ei^E^y E\E) when the element E is 
imaginary as well as when it is real. This follows immediately from (1) when 
we let Wi become infinite and replace Wtj wz, by 0, 1, respectively. 
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EXERCISES 

1 . Show that, if the ratio of an imaginary number to its conjugate is real, 
the ratio equals ^ 1. Hence establish the theorem: The cross ratio in which 
two real elements are separated by two conjugate-imaginary elements is real 
if and only if the two pairs of elements form a harmonic set. 

2. In connection with Ch. VI, § 5, Th. 5, prove that, if one of the twenty- 

four cross ratios of four distinct complex elements is an imaginary cube root 
of — 1, that is, one of the numbers «i = i(i + Vsi), J(1 - 

twelve of the cross ratios are equal to wi, the other twelve to co2. The four 
elements are said to form, in this case, an equi~anharmonic set. 

6. Fixed Elements and Invariant of One-Dimensional Projective 
Transformations. Let (w;i, uh) be homogeneous projective coordinates 
in a one-dimensional form, and consider a real projective transformation 
of the form into itself, 

<ii a^ 
hi 62 

where ai, a2, &i, 62 are real constants. 

An element is a fixed, or double, clement of the transformation (1) 
if it is carried by ( 1 ) into itself. The element {wi, W2) is a fixed ele- 
ment if and only if 

Uh __ aiWi 4 - a 2 W 2 
W2 hiWi + h^Wz 

or 

( 2 ) h\w\ + (^2 — ai)vhW2 — 02102 = 0 . 

If 6i = 62 — tti = 02 = 0, (1) is the identity and every element is fixed. 
Otherwise equation (2) guarantees just two fixed elements, which are 
real and distinct, real and coincident, or conjugate-imaginary, accord- 
ing as the discriminant of (2), 

D = (&« — Oi)^ “h 4 02^1 = {(ii -|" — 4 A, 

is positive, zero, or negative. 

Theorem 1. A linear transformation, other than the identity, has 
two fixed elements. 

According as the fixed elements are real and distinct, real and 
coincident, or conjugate-imaginary, the transformation is known as a 
hyperbolic, parabolic, or elliptic transformation. 

Nonparabolic Transformations* Of the three distinct pairs of cor- 
responding elements necessary and sufficient to determine uniquely 

* The nonparabolic transformations comprise the elliptic and hyperbolic 
transformations, but not the identity. 



pw\ = OiWi + a2W2, 
pW2 ~ biivi -h b‘2W2, 
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a linear transformation, two pairs can be taken, in the case of a non- 
parabolic transformation, as the self-corresponding double elements. 
Hence: 

Theorem 2. A nonparahoUc linear transformation is uniquely 
determined by its double elements and a pair of corresponding elements. 

If El and E2 are the double elements, Es and E^ the given pair, and 
Ef E' an arbitrary pair, of corresponding elements, the equation of the 
transformation in symbolic form is 

{E1E2, EzE^) = (E1E2, EzE), 

Writing out the equation in full in terms of the nonhomogeneous coor- 
dinates of the various elements, — w\ and W2 for Ei and E2, Wz and 
wz for Ez and Ea, and w and ty' for E and E' — and transposing factors 
so that the coordinates of E and E' appear only on the left-hand side, 
wliile those of Ez and Ez appear only on the right-hand side, we find 

{EiEt, EE') = {E1E2, EzEz). 

The right-hand side of this equation is constant, equal, say, to 
where /c 5*^ 0 , 1 . The equation expresses, then, the important fact: 

Theorem 3. The cross ratio in which an arbitrary pair of correspond'^ 
ing elements separates the double elements^ taken in a given order^* is 
constant: 

(3) {E1E2, EE') ^ k, k 9 ^ 0 , 1 . 


This cross ratio is known as the invariant cross ratio, or simply the 
invariant, of the nonparabolic transformation, inasmuch as it actually 
is invariant with respect to a change of the projective coordinates in 
the one-dimensional form. 

The transformation is now expressed by the symbolic equation ( 3 ). 
Writing out the cross ratio on the left-hand side of ( 3 ) and transposing 
the factois containing the coordinate of E, we obtain as the actual 
equation 


(4) 


W' W2 , W — W 2 

- - - ss Iq ■ ■ I 

w' — Wi W ^ Wi 




where Wi and W2 are the coordinates of the fixed elements and k is 
the invariant. 


* There are really two cross ratios, according to which double element is 
taken as Ei and whi<!h as Ez. The two are reciprocals of one another. We 
pick one and abide by the choice. 
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Theorem 4. A nonparabolic linear transformation is uniquely 
determined by its double elemerUSy in a given order j and its invariant. 

If the transformation is hyperbolic y the double elements are real and 
the invariant k is real. By a change of projective coordinates, the 
double elements can be made to assume the homogeneous coordinates 
(1, 0) and (0, 1). The new equation of the transformation, which 
can be obtained directly from (4) by setting W 2 0 and letting wi 
become infinite, has the simple form 

(5) w' = kwy k ^ Oy 1. 

Thus, by proper choice of the coordinate system, the equation of any 
hyperbolic transformation can be reduced to the normal form (5). 

In the case of an elliptic transformation, the double elements are 
conjugate-imaginary and can be given the nonliomogeneous coor- 
dinates i and — x by a change of coordinates. We thus obtain, as a 
normal form for an elliptic transformation, 


(6 a) 


w' + i ^ w + i 

. — fc " * 

la — X w; — X 


k 7^ Oy ly 


or 


(6 6) (1 — k)(ww' -b 1) + x'(l + k)(w — w') = 0. 

According to § 5, Ex. 1, the invariant k is of the form w/m, where m 
is an imaginary number. The only real value which k can have is 
- 1 . 

Parabolic Transformations. If, by a change of coordinates, the 
double-counting fixed clement of a parabolic transformation has been 
given the homogeneous coordinates (1, 0), equation (2) must yield 
(1, 0) as the only fixed element. Hence, 6i = 0, 62 — ai = 0. We 
thus obtain, as a normal form of a parabolic transformation, 

(7) w' ^ w + Cy c 7 ^ 0. 


EXERCISES 


1. Find directly, without the use of the formulas in the text, the fixed 
elements and invariant of each of the transformations: 


(a) 


= 


4 — 2 , 

u; + 1 ' 


(h) 


v/ = 


u? H- 5 
It; + 1 ' 


2. Find the equation of the nonparabolic transformation whose double 
elements are Wi — 1, Wz ^ — 1 and whose invariant k has tlie value 2. 

3. The same, if m»i *= 1 + x, w* = 1 — x and k = i. 
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4. The same, if Wi 
into w' = 0. 

5. Show that, if 


(8) 


— 1, Wt ^ 3 and the transformation carries w ^ 1 


^ _ aiw + at 
hiw + 62 


is a nonparabolic transformation and Wi, W 2 are its fixed elements, the in- 
variant k has the value 

^ H~ h2W2 

hiWi H- axW2 ’ 


provided the right-hand side has meaning. (Suggestion. Compare the coef- 
ficients in (4), when rewritten in the form (8), with the coeflBcients in ^8).) 
Hence, show that always 

m'l k = ^7 =h ^ 2 )^ — 4 A 

ai + 62 V (ai H- - 4 A 

where the choice of signs depends on which fixed element is taken as Wi and 
which as w^. 

6. Prove that the double clement of a parabolic transformation and an 
arbitrary element E are separated harmonically by the element into which E 
is carried and the element which is carried into E. 

7. Show that, if a double element of a linear transformation and a single 
element E have the property described in Ex. 6, the transformation is parabolic. 


7. Involutions. The general nonparabolic linear transformation 
with invariant — 1 has as its equation 

(1) (^ 1 ^ 2 , EE') = - 1, 

where E 2 are the double elements. The transformation evidently 
carries each element into its harmonic conjugate with respect to the 
double elements. Hence, if it carries E into E\ it also carries E' 
into E i \i {EiE^j EE') = — 1, then E'E) ~ — 1. In other 

words, the transformation interchanges the elements of each pair of 
elements which separate the double elements harmonically. 

Since the transformation, when it carries E into E', also carries E' 
into Ef it is its own inverse. A transformation which has this property 
is known as an involutory transformation. 

Definition. A transformation T, other than an identical trans- 
formation^ is involutory if and only if it is its own inverse. 

The product of a transformation T and its inverse is the identical 
transformation: TT”* = I. Hence, if T is its own inverse, the 
product of T with itself is the identity: TT = 1. Conversely, if 
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TT = It then T has the effect of undoing its own work and hence is 
its own inverse. 

Theorem 1. A necessary and sufficient condition that a transforma- 
tion, other than an identical transformation^ he involutory is that the 
product of it with itself be the identity. 

We have noted that the linear transformations which are non- 
parabolic with invariant — 1 are involutory. There are no other 
involutory linear transformations. 

Theorem 2. A projective transformation of a one-dimensional form 
into itself is involutory if and only if it is nonparaholic and has — i as 
its invariant. 

In establishing the theorem, we consider first a nonparabolic 
involutory transformation. Let its invariant be k and its double 
elements, Ei^ i? 2 . When it carries E into E\ it also carries E' into E: 

(E 1 E 2 , EE') = /c, (E 1 E 2 , E'E) = /c, k9^ 0, 1. 

The second cross ratio is the reciprocal of the first and therefore 
k = l/A;, or fc* = 1 . Consequently, since A; 1 , /c = — 1 . 

It remains to prove that a parabolic transformation is never in- 
volutory, This is evident from the equation of the transformation 
written in the normal form, w' = w + c 5 *^ 0 , established in § 6 . 

An involutory projective transformation is commonly known as an 
involution. Employing this term, we summarize our results as 
follows. 

Theorem 3. An involution in a one-dimensional form is a non- 
parabolic linear transformation with invariant — 1 . It amounts simply 
to an interchange of the elements of every pair of elements which separate 
harmonically two distinct fixed elements. 

The pairs of elements are called pairs in the involution and their 
totality is said to constitute the iA volution. 

Theorem 4. An involution is uniquely determined by its fixed 
elements. 

If the fixed elements are real, the involution is hyperbolic. A normal 
form in this case, obtained from equation (5) of § 6 by setting 
k = — 1 , is 

(2) tr' = — 'll?. 

If the fixed elements are conjugate-imaginary, the involution iA 
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elliptic. Setting A; = — 1 in equation (6 6) of § 6, we obtain for this 

type of involution the normal form 

(3) ww^ + 1 = 0. 

Theorem 5. Each two distinct pairs of real elements in an involution 
do not separate one another or do separate one another^ according as the 
involution is hyperbolic or elliptic. 

Two distinct pairs of real elements E, E' and E, E' do not separate 
or do separate one another according as (EE'j E E') is positive or 
negative. For the typical hyperbolic and elliptic involutions, (2) 
and (3), this cross ratio reduces respectively to 



and hence the theorem is proved. 

Theorem 6 . If a linear transformation T mterchanges the elements 
of just one pair of distinct elements, it is an involution. 

Suppose that T interchanges the elements A and A', to prove that 
always, w’hen T carries E into E', it carries E' into E; that is, to show 
that if T carries E into E' and E' into E, then E is always identical 
with E. Since A, A\ E, E' go into A', A, E\ E, 

(A A', EE') = (A 'A, E'E), 

Hence (A A', EE') = (AA', EE'), 

and E is identical with E, 

Theorem 7. There is a unique involution which interchanges the 
elements of each of two given pairs of distinct elements. 

Let A, A' and B, B' be the given pairs. We know that there is a 
unique linear transformation which carries A into A', A' into A, 
and B into B', and this linear transformation is, by Th. 6, an involution. 

Theorem 7 leads to the important conclusion; 

Theorem 8. There is a unique pair of elements which separates 
harmonically each of two given pairs of distinct elements. 

The required pair consists of the double elements of the iilvolution 
determined by the two given pairs, whose elements we now assume 
to be real. Its elements are real or conjugate-imaginary according 
as the involution is hyperbolic or elliptic. Hence, by Th. 5: 

Corollary. The elements are real or conjugate~imag inary according 
as the two given pairs do not separate or do separate one another. 
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EXERCISES 

1 . Find the equation of the involution whose double elements have the 
nonhomogeneous coordinates tc ~ 1, u? = 4. 

2 . The same if the coordinates of the double elements are w = 1 + 1 , 

« 1 — i. 

3. Show that the transformation w* =* (4 — 3w)l(2w + 3) is an involution. 

4. Find the equation of the involution which interchanges the elements 

tc « 1, = 2, and the elements w = Oj w — 4. 

5. Determine the coordinates of the elements which separate harmonically 
each of the pairs of elements of Ex. 4. 

6 . The same if the two given pairs of elements are w = l,w ^ 4 and ic = 0, 
w — 2» 

7. Describe completely the involutions represented by the equations ( 2 ) 
and (3) when w is thought of as a metric coordinate (slope) in a pencil of 
lines with finite vertex. 

8 . The same for the involution defined by (3) when w is interpreted as a 
metric coordinate on a finite line. 

9. Prove that the linear transformation ( 8 ) of § 6 is an involution if and 
only if fli + 62 = 0 . 

8. Metric Involutions. In a Pencil of Lines with Finite Vertex. 
The most important involution in a pencil of lines consists of the pairs 
of perpendicular lines in the pencil. We shall call it the circular in- 
volution in the pencil. Its double lines are the isotropic lines of the 
pencil and its equation, in terms of a metric coordinate (slope) in the 
pencil, is u^u + 1 = 0. 

Theorem 1. An involution in a pencil, other than the circular in-- 
volution, contains just one pair of perpendicular lines. 

It contains one pair of perpendicular lines, the bisectors of the 
angles formed by the double lines, and if it contained two or more, it 
would have at least two pairs of lines in common with the circular 
involution and hence, by § 7, Th. would be identical with the circular 
involution. 

In a Range of Points on a Finite Line. We consider first the general 
case in which the point at infinity is not a double point and hence is 
paired with a finite point. This finite point is called the center of the 
involution. The equation of the involution, expressed in terms of a 
metric coordinate x on the line, is of the form (§ 7, Ex. 9): 
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If a; is in particular referred to the center as origin, the limit of 
when X becomes infinite must be zero, and hence ai = 0. Thus we 
obtain, as a normal form for the equation of the involution, 

r'x = c, c 3 ^ 0. 

But this equation says: 

Theorem 2. The product of the directed distances from the center of 
an involution on a line to a pair of points in the involution is constant. 

In the special case in which the point at infinity is a double point, 
it is geometrically evident that the points of each pair in the involution 
are equally distant from the finite double 
point. 

An Application. Let a pencil of 
circles through the distinct points A 
and B be given (Fig. 8), and let L be 
a line which cuts the common chord 
A B in SL finite point 0 external to the 
segment AB. Then, the pairs of points 
in which L cuts the circles of the pencil Fig. 8 

form a hyperbolic involution with 0 as 

center. For, if P and P' are the points of intersection of an arbitrary 
circle C of the pencil with L, 

OP^OP'^ OA-OB, 

and hence, since OA^OB is constant, the coordinates x and x' of P 
and P', referred to 0 as origin, are connected by the relation 

xx' = c^, c* = OA*OB.. 

From the figure we see that OT^ OA‘OB = c^. Hence a 
circle with 0 as center and OP as radius will intersect L in the points 
X = ± c, that is, in the double points of the involution. It is evident 
that this fact can be used to effect a construction of the double points 
of a (hyperbolic) involution which is determined by two pairs of real 
points not separating one another, 

EXERCISES 

1. Two perpendicular lines which are paired in an involution in a pencil of 
lines may be called the principal lines of the involution. Show that, when the 
slope u in the pencil is referred to a principal line as initial line (w = 0), the 
equation of the involution reduces to the normal form u'u = c, c 0. What 
geometric theorem results? 
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2. The double lines of an involution in the pencil of lines through the 
origin in the metric plane are x^/A -h — 0. Show that the equation of 
the involution, in terms of the slope X, is XX' = — BjA, 

3. Prove that, if Pi, Pi and Qi, Qi form a harmonic set, the mid-points of 
the segments P1P2, Q1Q2 are paired in the involution determined by Pi, P* 
and Qi, Q2. 

4. Give in detail the construction, referred to in the text, of the pair of 
points separating harmonically two given pairs of points which do not separate 
one another. 

5. Prove that through two points A, B and tangent to a line L meeting the 
line AB in a point external to the segment AB there are two circles. Give a 
construction for them. 

6. What does the theorem of Fig. 8 become when L is chosen so that 0 is 
internal to the segment AP? Verify your answer. 

EXERCISES ON CHAPTER IX 

1. Show that an involution contains infinitely many or no pairs of conjugate- 
imaginary elements, according as it is hyperbolic or elliptic. Hence prove that 
two conjugate-imaginary elements can never separate two other conjugate- 
imaginary elements harmonically. 

2. Prove that two involutions in the same one-dimensional form whose 
double elements are dist inct have just one pair of elements in common, and 
that the elements of this pair are cither real or conjugate-imaginary. By 
Ex. 1 prove that the elements arc real if at least one of the involutions is 
elliptic. What are the facts if neither is elliptic? 

3. Show that a line which does not contain a vertex of a complete quadrangle 
cuts the pairs of opposite sides of the quadrangle in pairs of i^oints in an in- 
volution. 

4. Describe a construction, based on the theorem of Ex. 3, for the point 
corresponding to an arbitrarily chosen point in an involution wliich is deter- 
mined by two given pairs of distinct points. 

Bilinear Ferrms. The polynomial on the left-hand side of the equation 
(1 a) CiWiWx + CiWiWi + CiWiW'i -j- CiWiWi = 0, C1C4 — C2C3 5^ 0. 

is linear and homogeneous in ici, Wi and also linear and homogeneous in wi. 
It is known iis a nonsingular bilinear form, in the two sets of homogeneous 
variables uh, wi and w'u Wi. The corresponding equation in the nonhomo- 
geneous variables w and ic' is 

(1 b) c\wv}* -f CiW -I- c^w' -|- C4 == 0. 

5. Show that (1 a) or (1 b) represents the general projective transformation 
of a one-dimensional fundamental form into itself. 

6. Prove that tliis projective transformation is an involution if and only 
if C2 « C3, that is, that the general involution is represented by 

CiWiWi + Cz(WiW2 + WiWO + CiWiWi = 0, C1C4 — Ci^ lA 0, 
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or 

Ciww* + C2{w -f + r4 = 0. 

7. Show that the pairs of distinct elements (ri, ra), (r/, rO, (si, «2), (^i, 8 S)t 
(Jilt t 2 ), {tij ti) are pairs in an involution if and only if 


rirl riri + r^rl rara 
SiSa + S2Sl S2S2 
titi 1x1% “I” 


= 0 . 


What is the form of the condition in nonhomogeneous coordixiAteff? 

8. Write an eqiuition in determinant form for the involution detiEirmined 
by two pairs of distinct elements (rj, ra), (r/, (si, Sa), (s/, 


Quadratic Forma, The equation 

( 2 ) aiiWi^ -|- 2 airu}iV )2 “h 022102^ = 0 , OiiOaa — flia* ^ 0 , 

represents a pair of distinc^t elements. If the coeflScients are real, the ele- 
ments are real or conjugate-imaginary. 

9. Show that the elements (2) are separated harmonically by the distinct 
elements (rj, ra), (si, Sa) if and only if 

(3) + aiaCrj-sa -{- ra^i) a22r2S2 = 0. 

Suggestion. Prove that the elements (2) can have their coordinates expressed 
in the forms r + X's, r 4- X"‘S, where X', X" are the roots of a certain quadratic 
equation. The condition for harmonic division, X' + X" = 0, will then be 
found equivalent to (3). 

10. Show that the two pairs of elements, (2) and 

(4) hiiWi^ + 2 6i2'a^i'a72 + = 0, 611622 — 612* 9 ^ 0, 

form a harmonic set if and only if 

(Z11622 — 2 (Ii 26 i 2 4~ ^22611 = 0, 

11. By means of Ex. 9 prove that the involution whose double elements 
are defined by (2) has the equation 

(5) anWiWi + aniwiw^ + W2wi) + a22W2W2 — 0. 

12. Using Ex. 10, show that the pairs of elements in the involution deter- 
mined by the l.wo pairs of distinct elements (2) and (4) are given by 

k (anWt^ -f 2ai2Wivi2 + a22W^) + I {hwWi^ -f 26i2i/?i?xj2 + 622 ^^ 2 ®) = 0 , 

and that the double elements of the involution, — tiie pair of elements which 
separates harmonically each of the pairs of elements (2) and (4) — are defined by 

I auWi 4- ax2Vih a^Wi 4- a22«?j I ^ q 

I biiWi + 6121^2 6 i 2 t 4^1 4 “ 622^^2 I 
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PROJECTIVE COORDINATES IN THE PLANE 

1. Projective Point Coordinates. As basic points of a system of 
projective point coordinates in the real extended p)ane, take four real 
points, Alt A2, As, Dt no three collinear. Denote the sides of the 
triangle AiA^Az by oi, 02, as, and the lines joining the vertices to D 
by dit d2t dz. 

Choose arbitrarily a point P of the plane, draw the lines pi, p2, Pz 
joining P to Ait A 2, As, and form the cross ratios 

( 1 ) Xi = (aoOs, dipi), X2 = (asUi, ^2^2), Xs = (aia2, dzpz)* 

If the cross ratios are all defined, their product, since pi, pi, ps are 
concurrent, is equal to unity (Ch. VI, § 6 , Ex. 2 ) : 

(2) X,X2Xs = 1. 

In general, if a point P is given, Xi, X2, Xs are unique and satisfy 

( 2 ); conversely, if Xi, X2, Xs are 
given satisfying ( 2 ), pi, pa, ps 
are unique and concurrent, and 
hence determine a point P, 

Thus the cross ratios Xi, X2, Xs 
constitute possible coordinates 
for P. But they have as coor- 
dinates two drawbacks. In the 
first place they must always sat- 
isfy ( 2 ). Secondly, if P lies on 
a side of the triangle AiA^Azt one of them is undefined. For exam- 
ple, if P is a point on as, other than a vertex, pi and pz coincide with 
as and 

(3) Xi = {diCizr dittz) ~ 0, X 2 = (asUi, dzciz) = . 

Incidentally, in this and similar cases the relation ( 2 ) has no meaning. 

Both objections can be met by replacing the X’s by suitably chosen 
ratios. Taking account of ( 2 ), we set 

^ Xz \ ^ X 2 

Ai = — f As — ' — » As — — 9 

Xi Xz Xi 

and introduce (xi, Xs, xs) as the coordinates of P. 
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Definition. As the homogeneous 'projective coordinates of the ’point 
P toe take any three numbers xx, xt, xt such that 


(4) 




^2 


X 3 . 


In Justifying the definition we begin with points in special position. 
Let P be a vertex, say, Then pt is undefined, p 2 coincides with 
Os, and ps with Os. Hence Xi is undefined, and 


X 2 = (osOi, ^2^3) =00 or T- = 0, Xs = (ai02, ^302) = 0. 

A2 


Thus, the first equation in (4) is meaningless and the other two 
become 

5 ? =0, -“ = 0. 

Xi Xt 


Consequently, Xi 5*^ 0, = Xs = 0. Thus, Ai has the coordinates 

(p, 0, 0) or (1, 0, 0). Similarly, A 2 and As have respectively the coor- 
dinates (0, 1, 0) and (0, 0, 1). 

Conversely, if xi = p 5*^ 0, X2 = xa = 0, then X2 = «> and Xs = 0. 
Hence P 2 and ps coincide respectively with Os and 02 and so intersect 
in Ai. 

Let P now be any point on Os, other than Ai or A 2. According to 
(3), Xi = 0 and I/X2 = 0; hence equations (4) become 




The first two equations say that Xz = 0, X 1 X 2 7 ^ 0; the third equation 
determines the ratio X 2 fxiy inasmuch as X3 is defined, 5^ 0. Thus P 
has coordinates (xi, X2, 0), where X1X2 0. 

Let the reader prove, conversely, that a given number triple 
(xi, X2, 0), where X 1 X 2 7*^ 0, is a set of coordinates of a point P on as, 
other than Ai or A 2. 

It follows now that a point P lies on if and only if its third coor- 
dinate is zero. The line az has, therefore, the equation Xz = 0. 
Similarly, at has the equation Xt = 0, and a2, the equation^ X2 = 0. 

Consider, finally, a point P which is not on a side of the triangle. 
In this case, each X is defined and not zero, and X1X2X3 == 1. Con- 
sequently, equations (4) have a solution, Xi, X2, X3, where XiXzXa 5^ 0, 
and every other solution is of the form pxi, pX2, pxa, p 9 ^ 0. For 
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example, if Xi — 1/2, X2 = 1, X3 = 2, one set of coordinates of P is 
(1, 2, 1) and all sets are given by (p, 2p, p), p 5*^ 0. 

Conversely, three real numbers xi, X2, X3, no one of which is zero, 
are the coordinates of a point not lying on a side of the triangle. 

The justification of the definition is now complete. Incidentally, 
we have found that Aij A 2 , At have respectively the coordinates 
(1,0, 0), (0, 1, 0), (0, 0, 1), and that oi, 02, at have respectively the 
equations Xi = 0, X2 = 0, X3 = 0. 

The equations of di, ^2, dt are X2 = X3, Xs = Xi, Xi = X2 respectively. 
Consider, for example, di. The coordinates (1, 0, 0) of certainly 
satisfy X2 — Xa = 0, and a point P : (xi, X2, X3), other than Ai, lies on 
di if and only if pi coincides with di, that is, if and only if Xi = 1 or 
X2 = X3. Hence X2 = Xa is the equation of di. 

Since D lies on each of the lines di, d2, ds, its coordinates are all 
equal. Hence a simple set of coordinates for D is (1, 1, 1). For 
this reason D is known as the unit point of the projective coordinate 
system. The triangle AiA^Az is called the triangle of reference. 


Tiieouem 1. Cartesian coordinates are special projective coordinates. 
Let a system of homogeneous Cartesian coordinates (xi, X2, X3) be 




given. Take, as the points A^ 
Aiy Aty D of the previous dis- 
cussion, the points whose Car- 
tesian coordinates are respec- 
tively (1, 0, 0), (0, 1, 0), 

(0, 0, 1), (1, 1, 1), that is, the 
points at infinity in the direc- 
tions of the axes, the origin, 
and the point with nonhomo- 
geneous coordinates (1, 1). To 
verify our theorem we have to 
show that, if an arbitrary point 
P has the homogeneous Car- 
tesian coordinates (ri. r2, ra), 



where Xi, X2, X3 are the three cross ratios (1). 
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The four lines a 2 , as, Pi, whose cross ratio is Xi, have the equations 

X2 = 0, 0*8 = 0, X2 — Xs = 0, r3X2 r*X3 = 0. 

Hence Xi = rz/r2. Similarly, Xo = n/rs and X 3 = r2/ri* 

The Nature of the Projective Plane. Since the basic points of a 
projective coordinate system are subject only to the restriction that 
no three be collinear, the line A1A2, that is, the line xs = 0, can be 
chosen as any line in the plane. Thus the so-called line at infinity 
loses its identity as the line xa = 0 and no longer differs from any 
other line.f 

The projective plane has no exceptional points or lines. The extended 
metric plane has one exceptional Une, the line at infinity, and, on this line, 
two exceptional points, the circular points at infinity. 

The points of either plane constitute a closed two-dimensional 
continuum similar to that formed by the totality of lines through a 
point in space. 

EXERCISES 

1 . What arc the coordinates of the point in which the line di meets the line 
ax? 

2. What is the eqiuition of the line which is the harmonic conjugate of df 
with respect to ai and 

3 . What does the equation X2 — 2x3 = 0 represent? 

4 . Prove that, if a point P, other than A 3^ has the projective coordinates 
(ri, r2, ra), the projection of P from A3 on has coordinates (ri, r2, 0 ). 

5 . Prove that (xi, X2, 0) are homogeneous projective coordinates on the 
line Us. What are the basic points? 

2 . Properties Expressed in Projective Coordinates. We first 
establish the equations of the transformation from an arbitrary 
Cartesian coordinate system to an arbitrary projective coordinate 
sj^stem. Jjct the Cartesian coordinates of the basic points Ai, A2, 
Ai, D of the projective system be respectively (ai, 02, fla), (61, 62, hi), 
{c\, C2, C3), (d], da, da), and let (xi, Xa, Xg) be the Cartesian, and {x\, xa, Xa) 
the projective, coordinates of an arbitrarily chosen point P. 

To obtain the relationship between (xj, Xa, X3) and (xi, x% xa) we 

* The proof covers merely the case of a point P which does not lie on a side 
of the triangle AiAaAs. 

t As a matter of fact, we have long since known that the line at infinity is 
projectively equivalent to every other line in that it can be transformed by a 
collineation of the plane into any prescribed line. 
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compute, by means of Ch. VI, § 4 , Ex. 6 , the values of the cross ratios 
Xi, X2, Xs of § 1 in terms of the Cartesian coordinates of the various 
points. We find 


( 1 ) 


Xi = 


|a 6 x| 1 

5 c x| 

\cax 

a b d\ 


hcd\ 

^ lead 

c a x\ 

A 2 — 

o 6 x| ’ 

\bcx 

c ad\ 


abd\ 

[bed 


On the other hand, 


^ Xz 

Xl = -7 * 

x.= 

/ 

Xl 

“7» 



Consequently, 

X2 


Xs 

Xl 


(2) px'i = 1 

hex 


P®2 = 1 

c ax\ 

pxz = 

ab x\ 

bed 

" 1 

c a d| * 

abd\ 


p 5 ^ 0. 


These equations represent the transformation from the metric 
coordinates (a^i, X2, X3) to the projective coordinates (xj, X2f xs). Since 
the numerators are linear and homogeneous in xi, X2, X3 and the 
denominators are constants, the transformation is linear. It is, in 
fact, the linear transformation which carries (ai, 02, as) into (1, 0, 0), 
(?>i, ft'i, 63) into (0, 1, 0), (ci, C2, Ca) into (0, 0, 1), and (di, d2, dz) into 
( 1 , 1 , 1 ); see Ch. VII, § 10 . 

Since the transformation from metric coordinates to projective 
coordinates, or vice versa, is linear, the transformation from one 
projective coordinate system to another is linear. 

Theohem 1. The transformation from one 'projective coordinate 
system to a second is a linear transformation. 

We are now able to prove that the analytic representations of pro- 
jective configurations and properties are the same in projective coordi- 
nates as in metric coordinates. 

Consider an arbitrary line L.« Let its equation in the Cartesian 
coordinates Xi, xz, Xz be 


( 3 ) aiXi + 02X2 + azxz = 0 , ai, 02, az not all zero. 

The equation of L in the projective coordinates xl, xJ, xz is found by 
applying to ( 3 ) the transformation (2). Since (2) is a linear trans- 
formation, it carries the linear homogeneous equation ( 3 ) into a similar 
equation in xi, X2, xzi 


( 4 ) 


aWi + oiri + oici = 0, o'l, a*, at not all zero. 
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Conversely, every equation of the form (4) is transformed by the 
inverse of (2) into an equation of the form (3), 

Theorem 2. The equation of a straight line in projective coordinates 
is a linear homogeneous equatioUf and conversely. 

The theorem implies that the familiar analytic theory of pK)int8 on 
a line reproduces itself in projective coordinates. From it we conclude 
that the three points with symbolic projective coordinates a, 6, c 
are collinear if and only if | a 6 c | =0, or if and only if they are 
linearly dependent. It follows that, if the points a and b are distinct, 
an arbitrary point of their range has coordinates ka + lb, k and I 
not both zero, and conversely. 

Using the method employed to establish Theorem 2, we can prove 
that the expressions for the cross ratio of four collinear points are the 
same in projective coordinates as in metric coordinates. In particular: 

Theorem 3. If Pi, P 2 , Ps, Pa are four distinct collinear points with 
the projective coordinates a, b, a + pib, a pjb, then 

(P 1 P 2 . PzP4) = ^ • 

M2 

Since the cross ratio formula by means of which equations (1) were 
established is valid for projective coordinates, we can consider the 
a;^s as well as the x'^s in equations (2) as projective coordinates. 
Then (2) is a transformation from one projective coordinate system 
to another. 

If we can show that (2) is an arbitrary linear transformation, we 
shall have proved the converse of Theorem 1: 

Theorem 4, Every linear transformation of Xi, X2, Xz into xi, X2, xi 
represents a change from one projective coordinate system to a second. 

Let an arbitrary linear transformation be given. It is uniquely 
determined by any four pairs of corresponding number triples, pro- 
vided no three triples of either set of four are linearly dependent. 
Accordingly, we can think of it as the linear transformation which 
carries four arbitrary triples a, b, c, d, no three linearly dependent, 
respectively into (1, 0, 0), (0, 1, 0), (0, 0, 1), (1, 1, 1). This trans- 
formation is precisely the transformation (2). Hence, Theorem 4 is 
proved. 

A linear transformation, 

3 

pxi = aijXj, {i — 1 , 2 , 3 ), \o>ij\ 7 ^ 0 , 
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has now two interpretations. It can be thought of as a transforma- 
tion from one projective coordinate system to another. Thereby 
the points of the plane remain fixed and their coordinates are changed. 

On the other hand, a linear transformation represents a projective 
transformation of the plane into itself or into a second plane. We 
have, in fact: 

Theorem 5. A 'projective transformation of the points of a plane M 
into the points of a plane M\ expressed in projective coordinates in the 
two plancSj is a linear transformation^ and conversely. 

The proof is identical with that of Ch. VII, §§ 9, 11, for the proper- 
ties on which the proof depends have been shown to have identically 
the same expressions in projective, as in metric, coordinates. 

EXERCISES 

1 . The linear transformation, 

= — Xi + X2 + Xs, pX2 = Xi — X2 -h Xs, pX\ — Xi + X2 — Xs, 

represents a change of coordinates. Find the coordinates in each system of 
the basics points of the other system. What are the equations in the first 
Byst-era of the sides of the triangle of reference of the second system? 

2. Find the equations of the most general transformation of projective 
coordinates which introduces the lines 

2a:i — 3a;2 + xa = 0, Xi + 2 0:2 — 3 Xa = 0, Xi — Xs + Xs — 0 

as the sides x( — 0, xj = 0, Xa = 0 of the new triangle of reference. Then 
determine the particular transformation which also introduces ( 2 , 3 , 2 ) as 
the new unit point. 

3. Find the change of projective coordinates which introduces the points 
(1, 0, 1 ), (0, 1 , 1 ), ( 1 , 2 , 1), (2, 1, 1) as the new basic points Aj, A 2 , A 3 , J). 
Use the method suggested by the previous exercise and then check the 
result by means of equations ( 2 ) of the text. 

4 . Two projective coordinate systems have the same triangle of reference 
A 1 A 2 A 3 , but different unit points. Determine the form of the transformation 
from one system to the other. 

5. Four points which lie on a line not passing through A 3 have the symbolic 
coordinates a, b, c, d. Show that their cross ratio in the order given is equal 
to that of the four points («i, 02 , 0 ), (hi, 62 , 0 ), (ci, C 2 , 0 ), (di, ^ 2 , 0 ). Hence 
write the value of the cross ratio. 

6. What is the degree of the equation in projective coordinates of a conic? 
Justify your answer. 

7. Show' that the equations, 

^ 1 , \c'a’x'\ ^ |caj;| \a'h'x'\ _ \abx\ 

Ib'c'd'l |6cdl jc'a'd'l |cadl * ja'h'd'j lahdj ’ 
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represent the linear transformation which carries a, 6, c, d respectively into 
a'f h\ c', d', where no three triples of either set of four are linearly dependent. 


3. Projective Line Coordinates. 

Let fli, 02 , 03 , d be four real lines 
in the plane, no three of which are con- 
current. Denote the vertices of the 
triangle whose sides are Oi, 02 , 03 by 
Ai, A 2 , A 3 , and the points of intersec- 
tion of d with Oi, 02 , 03 by Dj, D 3 , 

Consider an arbitrary line p of the 
plane, mark its intersections Pj, P 2 , P 3 
with Oi, 02 , 03 , and form the cross ratios 

Xi = (A2A3, DiPi), X2 = (A3A1, D2P2), X3 = (A1A2, DsPa)* 
Since the points Pi, P 2 , Ps arc collinear, 

X1X2X3 = 1, 

provided each X is defined. 

Definition. Any three numbers Oi, W2, th suck that 



uz 

U2 


Xi, 



712 

Ui 


X3 


constitute hoinogcneous projective line coordinates of the line p. 

The justification of the definition is left to the reader. He will 
find, in particular, that the lines oj, 02 , 03 , and d have respectively 
the coordinates (1, 0, 0), (0, 1, 0), (0, 0, 1), and (1, 1, 1), and that the 
points Ai, A 2 , A 3 have the equations Ui ~ 0 , u^ = 0 , W 3 = 0 . 

The line d is known as the unit line, and the triangle whose sides are 
Oi, 02, 03, as the triangle of reference. 

If (ui, U 2 , 713 ) and (w'l, U 2 , us) are projective coordinates of the same 
line referred to two different systems of basic lines, the relationship 
between them is that of a linear transformation (Exs. C, 7). All the 
properties constituting projective line geometry are invariant under 
linear transformations and therefore have the same analytic fprm in 
projective line coordinates as in metric line coordinates. A point is 
represented in projective line coordinates by a homogeneous linear 
equation, and conversely; the formulas for the cross ratio of four 
concurrent lines are preserved; and the projective transformations of 
the lines of a plane into the lines of the same, or a different, plane are 
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identical with the linear transformations of the projective line coor- 
dinates. 


EXERCISES 

!• Justify the definition of projective line coordinates. 

2. What are the coordinates of the line 

3. What does the equation 2 ui -f ^2 = 0 represent? 

4. Show that the line which is determined by A 2 and the point of inter- 
section with 02 of a given line (ui, 1 ^ 2 , not 02 , has the coordinates (wi, 0, wa)- 
Of what value is this fact? 

5. Prove that (ui, 0, ms) are homogeneous projective line coordinates in the 
pencil of lines whose vertex is A 2 . 

6. Show that metric line coordinates are special projective line coordinates. 

7. Prove that the change from a metric system of line coordinates to a 
projective system, and hence the change from one projective system to a second, 
is given by a linear transformation. 

8. The linear transformation, 

pUi s= CiWi, pUt = fl 2 Ut, pUa = O 3 M 3 , ai0203 7 ^ 0, 

represents a change from one system of reference for line coordinates to a 
second- How are the two systems of reference related? 

4. Projective Point and Line Coordinates in the Same Plane. 

In developing simultaneously in the same plane a. system of projective 
point coordinates and a system of projective line coordinates, there is 
one question of paramount importance: that of the analytic form of 
the condition that a point x lie on a line u. This condition must be 
linear and homogeneous in Xi, X2, xz, inasmuch as, when the w’s are 
held fast and the varied, it represents a line. Similarly, it must be 
linear and homogeneous in uj, W 2 , ws. Hence, it must be bilinear in 
iCi, X2y Xz and Ui, Uz, Uz] that is, it must be of the form 

a\\X\U\ -f- tti^XiUz “b aizx^uz 

( 1 ) + <121^:2^1 "b a 22 X 2 U 2 “h a'lzX^Uz 

+ aziXzUi + az2XzU2 + azzXzUz = 0 . 

The importance of the question at issue is obvious. The simplicity 
of the resulting analytic geometry depends largely on how simple (1) 
can be made by proper choice of the systems of reference for the point 
and line coordinates. It is to be hoped that these systems can be so 
chosen that (1) will become 

( 2 ) uixi + U 2 X 2 + UzXz = 0 . 
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Let us select at pleasure the triangle of reference AiA^Az and the 
unit point D for the system of point coordinates, and take the same 
triangle ayazaz as the triangle of reference for the sj^stem of line 
coordinates (Fig. 4). 



The point Ai : (1, 0, 0) lies, then, on the line Uj : (0, 1, 0). Setting 
Xi = 1, ^2 = 0, = 0 and Ui = 0, = 1, Wa = 0 in (1) must yield, 

therefore, a true equation. Thus we find that ai2 = 0. Similarly, 
since i4i : (1, 0, 0) also lies on : (0, 0, 1), we have an = 0. In the 
same way a2i = 0, 023 = 0, and 031 = 0, tt32 = 0. Hence (1) becomes 

(3) CLuXiUi -f- + azzXzUz = 0. 

It remains to demand that the unit line d : (1, 1, 1) be so chosen 
that (3) reduces to (2). 

The equation of the unit line, as derived from (3), is 

(4) aiiXi + O22X2 + azzXz = 0, 
whereas that obtained from the desired form (2) is 

(5) xi + X 2 + xz 0. 

The condition that (3) reduce to (2) is an — azz = 033 . This is 
also the condition that (4) reduce to (5). Accordingly, we meet the 
original demand by requiring that the unit line d be so chosen Jhat its 
equation (4) takes on the form (5). 

A means of satisfying this requirement is obvious. We have merely 
to take as d the line of the three collinear points (0, 1, — Ij, 
(— 1, 0, 1), (1, — 1, 0). For, since the coordinates of these points 
must satisfy (4), we have immediately an = U22 = uas; consequently, 
(4) reduces to (5) and the condition (3) takes on the desired form (2). 
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Geometrical Relationship between Unit Point and Unit Line. The 
points (0, 1, — 1), (— 1, 0, 1), (1, — 1, 0) are the points 2)i, 1)2, Dz 
in which d meets the sides of the triangle of reference. Since they 
are collinear and lie respectively on the sides of the triangle, the lines 
Joining their harmonic conjugates, with respect to the vertices of the 
triangle, to the opposite vertices are concurrent. These lines are 
readily shown to be the lines di, ^2, da, concurrent in the unit point D. 

Thus, if the unit point D is given and the lines di, d2, da are drawn 
meeting the opposite sides of the triangle in Ci, C2, C3, the points 
Di, D‘ij Ds which are the harmonic conjugates of Ci, C2, C\ with 
respect to the vertices are collinear, and the line of collinearity is the 
unit line d. 

Relationship of Point and Line in Projective Coordinates. In em- 
ploying projective point and line coordinates simultaneously, we shall 
always assume that the systems of reference have been chosen as 
described, so that the condition that the point x lie on the line u is 

( 2 ) U\Xi + ^ 2 X 2 + UzXz = 0 . 

The theory of the relationship of point and line (Ch. V, § 4) has, 
then, the same analytic form in terms of projective coordinates as in 
terms of metric coordinates. From (2) it follows that (a\u) = 0 is the 
equation of the point a and that (a | a;) = 0 is the equation of the line a, 
and hence the entire theory in question remains unchanged, 

ExtiRciSE, The triangles A lA^As and C1C2C3 (Fig. 4 ) are in the relationship 
of Desargiics, inasmuch as the lines joining corresponding vertices are con- 
current in the unit point D. Prove that the line of collinearity of the points 
of intersection of corresponding sides is the unit line d. 

5. Two-Dimensional Projective Transformations. The totality of 
points in the plane and the totality of lines in the plane we shall call 
two-dimensional fu 7 idamcntal forms. 

Definition. A transformation of the elements of a two-dimensional 
fundamental form F into the elements of a two-dimensional fundamental 
form F' is projective if it (a) establishes a one-to-one correspondence 
between the elements of F and F', (b) establishes a one-to-one corre- 
spondence between the one-dimensional forms composed of elements of F 
and the one-dimensional forms composed of elements of F', and (c) pre- 
serves cross ratio. 

It will be well to paraphrase the definition in a particular case. A 
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transformation of the points of a plane of points into the lines of a 
plane of lines is projective if it establishes (a) a one-to-one correspond- 
ence between the points of the first plane and the lines of the second, 
and (6) a one-to-one correspondence between the ranges of points in 
the first plane and the pencils of lines in the second, and (c) preserves 
cross ratio. 

Theorem 1. There exists a unique projective transformation of one 
two-dimensional form into a second which orders to four given elements 
of the first form four prescribed elements of the second, provided no three 
of either set of four elements are linearly dependent. 

Thus, a projective transformation of a plane of points into a plane 
of lines is uniquely determined when to four points of the first plane, 
no three of which are collinear, are ordered four linos of the second 
plane, no three of which are concurrent. 

We prove the theorem in this case. Take the four points of the 
first plane as the basic points Ai, A 2, As, 7) of a system of projective 
point coordinates (xi, X2, xa), and the corresponding four lines of the 
second plane as the basic lines ai, ai, ns, d' of a system of projective 
line coordinates. It can then be shown (Ex. 2) that, if there exists a 
projective transformation which orders Ai to a[, A 2 to 02, A3 to ai, 
D to d', the transformation is unique and is represented by the 
equations 

(1) pu\ = Xi, pU2 = X2, pws = X3. 

That this transformation is projective is evident from the fact that 
the equations arc those of a linear transformation of the x^s into the 
u'^s. Hence the theorem is proved. 

The projective transformation (1) of the plane of points into the 
plane of lines is linear and will remain linear regardless of the systems 
of projective coordinates employed in the two planes. Conversely, 
every linear transformation of projective point coordinates (xi, X2, Xa) 
in the first plane into projective line coordinates (wi, U2, Ui) in the 
second plane we know has the properties (a), (b), (c) of our definition 
and is therefore a projective transformation. ^ 

Theorem 2. 2^he projective transformations of one two-dimensional 
form into a second are identical with the linear transformations of pro- 
jective coordinates for the elements of the first form into projective coor- 
dinates for the elements of the second. 
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EXERCISES 

1. Give in detail the proof of Theorem 1 in the case of two planes of points. 

2. The same, for a plane of points and a plane of lines. 

6. Collineations and Correlations. There are four kinds of pro- 
jective transformations of a plane M into a plane Af': 

A\. Those of the points of M into the points of M\ 

A 2 > Those of the lines of M into the lines of Af'. 

Bi. Those of the points of Af into the lines of Af'. 

B 2 . Those of the lines of M into the points of M'. 

Collineations, In Ch. VII, § 13 we proved that the transformations 
Ai and A 2 are in effect identical and we agreed to give them the 
common name ''collineations.'' 

Correlations, The transformations Bi and B 2 are also identical in 
that the relationships which they establish between the two planes 
are the same; By are the transformations of the points of M into the 
lines of Af' which (a) establish a one-to-one correspondence between 
the points of Af and the lines of Af', (6) establish a one-to-one corre- 
spondence between the lines of M and the points of Af', and (c) pre- 
serve cross ratio; and B 2 are the transformations of the lines of Af 
into the points of Af' which have the same three properties with the 
order of (a) and (b) reversed. 

The transformations Bi and B 2 are known as correlations. Thus, 
a correlation is a projective transformation of a plane M into a plane Af ' 
which carries the points of Af into the lines of Af ' and hence the lines of M 
into the points of Af ', or vice versa, 

A correlation carries a point into a line and a line into a point; 
collinear points into concurrent lines, and vice versa; a cross ratio 
of four collinear points into an equal cross ratio of four concurrent 
lines, and vice versa. In short, a correlation always carries a given 
figure into the dual figure, a given property into the dual property. 
It is the analytic representation of the process of dualization. It 
correlates the configurations and theorems of point geometry with 
those of line geometry. 

A correlation can be represented analytically in two ways, either as 
a transformation Bi or as a transformation B^. The general corre- 
lation and its inverse, expressed in terms of point coordinates in Af 

and line coordinates in Af ', are 

3 3 

(1) pu'i = Y. <rXi = Y ii = 1. 2, 3), I a,-, ! 9 ^ 0, 
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where is the cofactor of 0*7 in la,/!. The same correlation and 
its inverse, written in terms of line coordinates in M and point coor- 
dinates in AT', are 

t * ® 

(2) \xi = 51 fiUi = 53 (* — 1, 2, 3). 

If M and M' are the same plane and x, u and x', u' are referred to the 
same system of reference in this plane, equations (1) represent the 
general correlation of the plane. 

The correlations of the plane do not, in themselves, form a group; 
for the product of two of them is evidently a collineation. The col- 
lineations and correlations of the plane, taken together, do form a 
group, the general projective group of the plane. 


EXERCISES 

1. Deduce equations (2) from equations (1). 

2. Write the equations of the general correlation expressed as a trans- 
formation B 2 , and deduce from them the equations of the correlation as a 
transformation ^ 1 . 

3. Show that the correlation 

pu[ ** 2Xi — X2 + Xa, pM2 ~ — Xi -f X 2 + 3X8, pMa == Xi + 3X2 — X8 
is involutory, that is, that carrying it out twice results in the identical transH 
formation. 

4. Prove that the locus of a point which moves so that it always lies on the 
line corresponding to it by the correlation of Ex. 3 is a nondegenerate conic. 

5. The determinant of the correlation of Ex. 3 is symmetric; see Ch. I, 
§ 6, Ex. 3. Show that the properties established for it in Exs. 3, 4 are pos- 
sessed by every correlation whose determinant is symmetric. 


7. Trilinear Coordinates. Let us consider equations (2) of 
namely 


( 1 ) 


px[ = 


|x 6 c 
\dbc 


PX2 


[x c a| 
I d c aj 


pxi 


X a b\ 
dab\' 


§ 2 , 


with the idea of finding a metric inter- 
pretation of the projective coordinates 
(xi, X2, xi) which are defined by them. In 
so doing, we assume that the vertices a, 
6, c of the triangle of reference and the 
unit point d are finite points and restrict 
ourselves in the beginning to the case of 
a finite point P- 
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The determinants \xhc\ and \dhc\ are essentially the numerators 
in the formulae for directed distances from the line cti to the points P 
and D, In fact, if we assume that 0:3 = 1 and dz = 1, these directed 
distances are 

(2) 2 i==tj|x 6c|, ki= dt^\dhc\, 

where 

A® == {hiCz — ^>3^2)^ + (&3C1 — hxCzY + (&1C2 — h^CiYy A > 0, 

and their ratio is the ratio of the two determinants. 

In the same way we can interpret the other two ratios in (1). 
lienee we can rewrite (1) in the form 

( 3 ) pjc\ = 7 - 21 , pX 2 = — 22 , pxz = \-zz, 

Ici k'i kz 

where hi is a chofien directed distance from (it to D and Zi is the corre- 
sponding directed distance from Ut to P. 

Theorem 1. The projective coordinates of a finite point F, inter- 
preted metrically f are proportional to multiples of directed distances from 
the sides of the triangle of reference to P; the nndlipliers are the reciprocals 
of the corresponding directed distances from the sides to the unit point. 

Considered from this point of view, the coordinates (xi, X2, xz) are 
known as trilinear coordinates of F. 


Barycentric Coordinates. The first system of trilinear coordinates 
was developed by Moebius by means of an ingenious meclianical idea. 

He conceived, as the coordinates of a 



point F, the three masses r/ii, m 2 , nu 
which must be placed at the vertices of 
the triangle in order that F become the 
center of gravity of the triangle. To 
show that these are actually trilinear 
coordinates, we place at the point F the 
mass m = mi + m2 + Ws. Since F is 
the center of gravity, the sum of the 


Fia. 6 


algebraic moments of the masses mi, m2, 


niz about a side of the triangle is equal to 


the moment of the mass m about this side. Hence (Fig. 6) : 


hipii = mzij 


h2m>2 = mz2i 


hzmz = mzz, 
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or 

1 1 1 

mi : m2 : m 3 = T- : T- ^2 : 7“ 

hi hi hi 

But the altitudes h\, /12, hz of the triangle are proportional to the 
distances from the sides to the intersection of the medians. Hence, 
the barycentric coordinates are the 
trilinear coordinates obtained by 
taking the intersection of the me- 
dians as the unit point.* 

Center of Inscribed Circle as Unit 
Point, If we choose the directed 
distances from the sides of the tri- 
angle so that k\y kit ^3 are all posi- 
tive,! and take as D the center of 
the inscribed circle, ki, k^, kz are all equal and the directed distances 
Z\t Zit Zz of a point P from the sides of the triangle are themselves 
coordinates of P. Their signs in the various regions of the plane are 
shown in Fig. 7. 

If ait now denote the lengths of the 
sides of the triangle and A its area, then 

(4) a\Zi “I” 022^2 “i” azZz = 2 A. 

This relation is evident from Fig. 8 if P is in- 
side the triangle and, by use of the facts sup- 
plied by Fig. 7, it is readily seen to hold when 
P is outside the triangle. 

The points for which the expression on the left-hand side of (4) 
vanishes, since they cannot be finite, must be ideal. Hence the 
equation of the line at infinity is 

ai2i + azZi -h azZz = 0 
or 

Zi sin Ai -|- Zi sin A2 + 23 sin A3 = 0. 

In discussing metric properties of a triangle in Ch. Ill, § 10, we 
took the origin of coordinates inside tlic triangle and introduced the 
equations in normal form, a = 0, /? = 0, y = 0, of the sides of the 

* The proof apparently applies only to the case when mi, 7712, m* are all 
positive. Actually, if it is properly interpreted, it is valid in all oases except 
when 771 *= 0. What are the facts when //t = 0? 

t I’br example, we choose the upper or lower sign in (2) acoording as to 
wliich makes ki > 0. 
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tiian^e. The values of a, 0 , y for a point P are then the directed 
distances from the sides of the triangle to P and are all of the same 
sign when P is inside the triangle. Hence a, y are trilinear coor- 
dinates of P of the specialized type we are now considering. Accord- 
ingly, the results obtained in terms of them will all be valid here when 
we replace a, /S, y by Zi, 22, za. 

For example, it follows from Th. 4 of the paragraph cited that the 
equations of the medians of the triangle are 

2 i sin Ai =22 sin A2, Z2 sin A2 = Zz sin A3, 23 sin As = zi sin Ai. 

Hence coordinates of the point of intersection of the medians are 
(sin A 2 sin A3, sin As sin Ai, sin Ai sin As). 

EXERCISES 

Exercises 1-6 hear on the specialized coordinates last developed. 

1. Show that the centers of the inscribed and escribed circles are (1, 1, 1), 

(- 1 , 1 , 1 ), ( 1 , - 1 , 1 ), ( 1 , 1 , - 1 ). 

2. Prove that the point of intersection of the altitudes has the coordinates 
(cos As cos Aa, cos As cos Ai, cos Ai cos A2). 

3. Show that (cos Ai, cos A 2, cos A3) is the center of the circumscribed circle. 

4. Prove that the intersection of the medians, the intersection of the alti- 
tudes, and the center of the circumscribed circle are collinear. 

5. Show that the coordinates of the point P2 which is isogonally conjugate 
(Ch. Ill, § 10, Ex. 5) to the point Pi : (wi, m2, m3) are (1/mi, l/m2, 1/ms). 
It is assumed that Pi is not on a side of the triangle. 

6. Prove that the equation of the circumscribed circle is 

Z223 sin A I + 23Z1 sin Aa + ZiZ 2 sin As = 0. 

7. Develop a metric interpretation of projective line coordinates. 

EXERCISES ON CHAPTER X 

1. A transformation of the points of a plane leaves fixed a certain point A 
and every point on a certain line (T not passing through A and carries any other 
point P into its harmonic conjugate vith respect to A and tlie point in which 
AP meets a. Find the equations of the transformation in terms of suitably 
chosen projective coordinates and hence show that the transformation is 
projective and involutory. 

2. Characterize geometrically the linear transformation 

pxi = Xi, pXi — Xif pX3 = kxz, k ^ 0 , 1 , 

as a transformation of the plane into itself. 

3. Show that, if a collineation possesses four fixed points, no three of which 
are collinear, it is the identity. 
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4. A collineation has three real noDcollinear points as its only hxed points. 
Show that the equations of the collineation, referred to suitably chosen 
projective coordinates, are 

p 3 #i “ QiiX\f pX2 “ OriXif ™ 

where no one of the constants flj, 02, oa is zero and no two are equal. Find 
the corresponding equations in line coordinates and show that the collineation 
leaves fixed just tliree lines. 

5 . A collineation, not the identity, leaves fixed every point on a certain line 
and every line through a certain point on this line. Show that projective 
l)oint coordinates can be so chosen that it is represented by the equations 

pXi - Xi + C X2, pxi = X2, pX'i = Xzj c 9^ 0 . 

6. Establish the theorem: The point r is a fixed pmnt of the collineation 

pXi = 2 o>ijXjf (i = 1, 2, 3), lut/l ^ 0, 

i-i 

if and only if (fi, r2, is a solution of the system 

(an — p)xi + OJ2X2 + oisXs = 0 , 

U 21 X 1 + (o>22 “* p)x2 + aziXt = 0, 

UsiXi + UsaXa + (U33 p)x 8 = 0 , 

where p is a root of the cubic equation 

an “ p ait Uis 

021 OL22 — p U23 ” 0. 

flsi ^32 033 ” P 

7 . Find the fixed points and the fixed lines of each of the collineations: 

pXi “ ^ 2^2 "f" 23 / 3 , pXi “ S Xi " 4 " X2 Xa, 

pX2 = — 3 Xi + X2 -f- 3 Xa, pX2 == Xi + X2 + Xa, 

pXz = — Xi + X 2 “H Sxaj p^'i = 2xi + 2x8* 
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GEOMETRIES 

1. Counting Constants. If the number of objects in a set is finite, 
it is a simple matter to count them. It is an entirely different problem 
to measure the number of objects in a set if that number is infinite. 
At times it suffices to say simply that the number is infinite. But 
this is not always a sufficient statement of the facts. There are, for 
example, infinitely many points on a line and infinitely many points 
in a plane, yet we should hardly think of the one set as comparable 
with the other. We need, then, a classification of infinities. 

The infinities w'ith which wc have to deal in geometry are in general 
characterized by the fact that they admit analytic representation by 
means of coordinates, or parameters (arbitrary constants). 

For example, the points in a plane can be represented by means of 
two (Cartesian) coordinates x, y. Thus, values assigned to two 
parameters are sufficient to determine a point in the plane. More- 
over, two is the smallest number of parameters which suffice for this 
purpose. 

A circle in the plane can be determined by values assigned to three 
parameters, say, the coordinates (ro, yo) of the center and the radius r. 
Furthermore, it is impossible to fix the position and the size of a circle 
by values assigned to less than three parameters. 

A point on the parabola y = has two coordinates x, y. The two 
coordinates are, however, not independent; when x is given, y is deter- 
mined. Thus the single parameter x suffices to determine a point on 
the parabola. 

As a further illustration, let us count the parameters sufficient to 
determine an arbitrary triple of collinear points in the plane. Two 
parameters suffice to fix each of the three points. The six parameters 
thus involved arc not independent; they are connected by the relation 
which expresses the fact that the points are collinear. Hence, five 
is the smallest number of parameters sufficient to determine a col- 
linear point-triple in the plane. 

Definition. IJ the smallest number of parameters sufficient to deter^ 
mine the general element of a set of infinitely many elements is n, the set 

174 
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is said to contain qo » {infinity n) elements or to form an nrparameier 
family of elements/^ 

According to the definition, there are in the plane: oc2 points or a 
two-parameter family of points; oo 3 circles or a three-parameter family 
of circles; and oo^ collinear point-triples. 

The parameters of the smallest set of parameters sufficient to deter- 
mine the general element of an infinite set are all essential for the 
determination of the element. Accordingly, we shall frequently refer 
to them, for the sake of brevity, as essential parameters. 

Homogeneous Parameters. A given point of the plane has unique 
nonhomogeneous coordinates (j, ?/), but infinitely many sets of homo- 
geneous coordinates {xi^ Xo, Xz) of the form (pxiy pX2, p^rs), where p 
is an arbitrary constant , 0 . Thus, to the point corresponds Just one 

pair of nonhomogeneous coordinates, but a one-parameter family of 
sets of homogeneous coordinates, where the parameter is the factor of 
proportionality p. 

Again, an arbitrary circle in the plane can be thought of as deter- 
mined by the three nonhomogeneous parameters Ai, A 2, A3 which 
appear as coefficients in the equation 

3.2 ^ 2/3 + A ix + A22/ + A3 = 0 , 

or by the four homogeneous parameters Oo, ai, 02, Us obtained by re- 
writing this equation in the form 

ao{x^ -b y^) + aix -b a2y + os = 0, Oo 5*^ 0. 

The latter parameters arc homogeneous, inasmuch as the circle remains 
the same when ao, «ii «2, «3 are replaced by pao, p<ii, P«2, pus* It is 
evident that to a given circle there corresponds 1 sets of values of 
the homogeneous parameters, but only one set of values of the non- 
homogcncous parameters. 

In counting the homogeneous parameters in each of these cases, 
we count each element (point or circle) an infinity of times equivalent 
to one parameter. Consequently, we can obtain the essential number 
of parameters in each case by subtracting one from the number of 

* We are, of course, restricting ourselves to parametric representations of 
the elements of the set which are continuous, that is, which establish a con- 
tinuous correspondence between the elements of the set and the sets of values 
of the parameters. Every representation by means of coordinates or para- 
meters with which the student is familiar, and, in fact, every representation 
which is of importance in geometry, has this property. 
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homogeneous parameters. Thus, there are in the case of the point 

3 — 1 = 2, and in the case of the circle 4 — 1 = 3 , essential para- 
meters. 

Mixed Parameters. The set of parameters Xi, x^, x^, r for a circle, 
where Xiy x^, Xz are the homogeneous coordinates of the center and r 
is the radius, is neither homogeneous nor nonhomogeneous. It con- 
sists of the three homogeneous parameters Xiy Xi, Xz and the non- 
homogeneous parameter r, and may fittingly be described as a mixed 
set of parameters. 

Though the parameters are not homogeneous, there corresponds 
to each element, as in the case of homogeneous parameters, oo^ sets 
of parametric values: pa;i, px2, pxs, r. Hence the number of essential 
parameters is 4 — 1 = 3 ; there are oo » circles in the plane. 

A point-triple in the plane can be determined by the homogeneous 
coordinates Ui, a2, az] 6i, 62, 63; ci, C2, Cz of the points. Here we have, 
not one set of nine homogeneous parameters, but three sets of three 
homogeneous parameters each, which arc independent in that the 
three corresponding factors of proportionality can be chosen inde- 
pendently of one another. Hence, to a given point-triple correspond 
00® sets of parametric values: pat, pa2, paz; abi, abz, <rbz; rci, rC2, rcs. 
The number of essential parameters is therefore 9 — 3 = 6; there are 
00® point triples in the plane. 

Miscellaneous Examples, Let it be required to find the number of 
lines in the plane when an arbitrary line is thought of as determined 
by two points. 

Four parameters, two for each point, suffice to fix the line. Thereby 
we have counted the line as often as there are pairs of points on it, 
namely, 00 2 times. The number of essential parameters is then 

4 — 2 = 2 ; there are lines in the plane. 

Let it be required to count the number of lines in space, a line in 
space to be thought of as determined by its direction components and 
a point on it. 

A point in space has three nonhomogeneous coordinates, and a line 
in space, three direction components. But the direction components 
are homogeneous and the point can be taken in any one of the 
positions on the line. Hence, there are 00 ^ lines in space. 

Real and Complex Parameters, The reader has doubtless assumed 
that we have been dealing with real elements and counting real 
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parameters. He might equally well have thought of both the ele* 
ments and the parameters as complex. The results would remain the 
same. For example, the general real point in the plane depends on 
two essential real parameters, and the general complex point, on two 
essential complex parameters. 

The situation is different, however, if wc are considering complex 
elements and count real parameters. There are, then, oo-* complex 
points in the plane, for the coordinates (x' + i y' + i y") of a 
complex point involve four real parameters. 

With the count of real parameters as a basis we are able to compare 
the number of complex points in the plane with the number of real 
points. Whereas there are but oo 2 real points, there are 00 * complex 
points. In other words, the complex points outnumber the real 
points to the same degree that the real lines in space outnumber the 
real lines in a plane! 

EXERCISES 

In each of the following examples, determine the number of the elements 
described. Unless the contrary is stated, the elements and parameters are to 
be assumed as both real (or both complex). 

1. Pairs of points in the plane. 

2. Triangles in the plane, when a triangle is thought of as determined by 
three nonconcurrent lines. 

3. Complete quadrangles in the plane, if a complete quadrangle is considered 
as determined by (a) four points, no three collinear; (6) six lines passing by 
threes through four points. 

4. Circles in a plane, if a circle is considered as determined by three non- 
collinear points. 

5. Conics in a plane. 

6. Ellipses in a plane, if an ellipse is considered as determined by its foci 
and eccentricity. 

7. Parabolas in the plane, when a parabola is given by (a) its equation; 
(6) its definition in terms of focus and directrix. 

8. Points in space. 

9. Planes in space, when a plane is determined by (a) its equation; (6) three 

noncollinear points; (c) a line and a point. , 

10. Lines in space, when a line is determined by (o) two points; (6) two 
planes. 

11. Points of a sphere. 

12. Spheres in space. 

13. Circles in space. 


14. Conics in space. 

15. Lines through a point. 

16. Planes through a point. 
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17. Complete quadrangles with a given diagonal triangle, in the plane. 

18. Complex points on a line, when real parameters are counted. 

2. Dimensionality. In saying that a line is one-dimensional, a 
plane two-dimensional, and space three-dimensional, we mean simply 
that a line contains points, a plane oo^ points, and space oos 
points. Thereby, we are assuming the classical point of view that the 
point is the fundamental element and that line, plane, and space are 
to be thought of as consisting of points. 

If the line is taken as the fundamental element, we must count the 
number of lines in a given configuration or manifold, to determine its 
dimensionality. The plane, considered as the totality of its lines, is 
ptill two-dimensional. But space, since it contains co ^ lines, is four- 
dimensional. The line itself fails of dimensionality; the linear one- 
dimensional manifold generated by lines is the pencil of lines, or the 
point. 

EXERCISES 

1. If the plane is chosen as the fundamental element, what is the dimen- 
sionality of space? Of a j)laiie? Of a line? Of a point? 

2. If the circle is taken as the fundamental element, what is the dimen- 
sionality of the plane? Of space? 

3. Geometries. In building a geometry, we begin by choosing a 
fundamental element. We have already recognized that the line can 
be used as the fundamental clement as well as the point. Thus we 
have line geometry as well as point geometry. Similarly, there is 
circle geometry, in which tlie circle is the fundamental element. 

The dimensionality of a geometry is the dimensionality of the totality, 
or manifold, of fundamental elements studied, P'or example, point 
geometry and line geometry in the j)lanc are both two-dimensional. 
Point geometry of a line is one-dimensional; so also is line geometry 
of a point. 

Point geometry and plane geometry in space are three-tlimensional, 
since there are in space oo 3 points and oo 3 planes. Line geometry in 
space is four-dimensional; it furnishes us with an important example 
of a geometry which is in dimension greater than three and yet is 
within the limits of our powers of visualization. 

The choice of the fundamental element and of the manifold of these 
elements to be discussed constitutes but part of the construction of a 
geometry. There remains the important question as to the nature of 
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the geometric properties to be studied. This question is settled by the 
choice of a group of transformations on the coordinates of the funda- 
mental element of the manifold. The geometry is then to consist of 
the discussion of those properties which are invariant with respect to 
the group. 

For example, if the points of the plane are to be discussed, we could 
take as the group of transformations the totality of all transformations 
of the points of the plane 

= fix, y), y' = <f>ix, y) 

which are one-to-one and continuous. The resulting geometry is 
known as analysis situs. 

In the present book we deal primarily with the point geometry and 
the line geometry of the plane in which the governing group of trans- 
formations is the projective group or a subgroup of the projective 
group. 

4. Affine Geometry, The plane of metric geometry contains one 
exceptional line and, on this line, two exceptional points, and the 
transformations which control metric geometry, namely the rigid 
motions, all leave the line and each of the two points invariant. On 
the other hand, the projective plane has no exceptional point or line 
and, correspondingly, there is no point or line which is left fixed by 
all collineations. 

Intermediate between these geometries is the geometry which has 
merely an exceptional line and is governed by the particular colline- 
ations which transform this line into itself. These collineations are 
known as affine transformations, and the geometry, as affine geometry. 

Affine geometry may be considered as a generalization of metric 
geometry or as a subgeometry of projective geomiitry. In 
developing it, we shall employ, on the one hand, the terminology of 
metric geometry and, on the other hand, special projective coor- 
dinates so chosen that the fixed line, the line at infinity, is always the 
line xz = 0 . The affine transformations are, then, the collineations of 
the plane which carry the line at infinity: xz = 0 into itself, or, what is 
the same thing, carry a finite point always into a finite point. 

The collineation, 

3 

px’i = 53 (l = 1, 2, 3), I 0 . 7 1 9^ 0, 

is an affine transformation if and only if 031 = 032 = 0 ; for, it carries 
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every ideal point into an ideal point if and only if ari vanishes whenever 
0:3 is zero, regardless of the values of Xi and Xzt that is, if and only if 
“h 0 / 22^2 0. 

Thus, the general affine transformation is 


pXi — CLwXi + 0123^2 + Ois^a, 

pX2 = 0 > 2 lX\ “f* 0,22X2 4 " 023X3, 

/ 

PX3 == (133^89 



O21 


O12 

O22 


^0. 


or in terms of the nonhomogeneous coordinates x = Xifxz, y = Xz/xz, 


( 1 ) 


x' = aix + hiy + Ci, 
y' = azpn + bzy + a. 


A = 


at 

O2 



0 , 


where the six coefficients are subject merely to the restriction that 

A 5 ^ 0. 

Theorem 1. The totality of affine transformations forms a group, a 
subgroup of the group of collineations. 

An invariant peculiar to the group of affine transformations is 
obtained by specializing the fundamental projective invariant, cross 
ratio. Three distinct points Pi, Pit P on a line L and the ideal point 
Poo on L are carried by the general affine transformation into three 
distinct points Pi, P2, P^ on a line and the ideal point Pio on L\ 
Hence 

(PlPi, P'P'.) = {PxPz, PP«). 

Since P'„,Pi/ P'^Pt = 1 and PkPiIPkPz — 1 , the equation becomes 

FFi ^ pFi 
FF z pFz ' 


Theorem 2. The ratio in which the point P divides the line-segment 
P1P2 is an invariant with respect to the group of affiine transformations. 

Inasmuch as this ratio is not invariant with respect to all collinea* 
tions, we call it an affine invariant, and the corresponding geometric 
property, an affine property. 

Theorem 3. Parallelism of lines is an affine property. 

Affine coordinates are the special projective coordinates obtained 
by taking always, as the side Xs = 0 of the triangle of reference, 
the line at infinity. Inasmuch as affine geometry deals primarily 
with the finite points of the plane, affine coordinates are in general 
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most useful in the nonhomogeneous form 


( 2 ) 




The transformations from one system of affine coordinates to a 


second are the transformations of 
projective coordinates which do not 
change the side xa = 0 of the tri- 
angle of reference. Consequently, 
they are the linear transforma- 
tions which carry Xa = 0 into itself, 
namely, the transformations (1). 
The transformations (1) may, then, 
be regarded, not only as the affine 
transformations of the plane, but 
also as the transformations from 



Fig. 1 


one pair of affine coordinates (x, y) to a second pair (x', ?/'). 

It is of interest to interpret the affine coordinates (2) from the 
point of view of metric geometry. By definition, Ch. X, § 1, 


X = ~ = (asUi, ^2^2), 2 / = “ = (03^2, dipi). 

Xa Xa 

Hence (Fig. 1), 

X = {A\Az, D2P2), y = {A^Azy DiPi), 
or 

X = (P2H2, AiAi)y y = (PiDiy A3A2). 

Finally, since Ai and A 2 are points at infinity. 



Thus, X and y are metric coordinates of the point P referred to>oblique 
axes, or oblique Cartesian coordinates. 

This interpretation of affine coordinates is instructive in that it 
lends visible emphasis to the fact that angle has no place in affine 
geometry. It may, however, be misleading in that it appears, on 
first sight, to assign to distance a leading r61e. Distance itself is not 
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an affine property. In fact, only the ratios of distances which lie 
on the same line or on parallel lines have significance in affine geometry 
(see Th. 2 and Ex. 3), and it is merely in the form of ratios of this kind 
that distance appears in equations (3). 

EXERCISES 

1. Prove Theorem 1. 2. Establish Theorem 3. 

3. Prove that the ratio of two directed distances which are on the same 
line or on parallel lines is an afftne invariant; show that these are the only 
cases in which a ratio of distances is unchanged by all affine transformations. 

4. Show that the area of a triangle is a relative invariant with respect to the 
group of affine transformations. 

5. The equations 

x' = - 2y — I, 3 /' = a; + 3y - 4 

represent a change of affine coordinates. Find the original coordinates of the 

new basic points and the equations in x and ?/ of the new axes. 

6. Determine the most general transformation of affine coordinates which 
introduces the lines 

2a; - 2 / = 0, x + y I 0 

as the new axes a;' = 0, y' = 0, and hence find the particular transformation 

which also introduces (3, 1) as the new unit point. 

7. A projective transformation of a line L into a second line L' is called an 
affine transformation if it carries the point at infinity on L into the point at 
infinity on L'. Show that the general affine transformation of L into V is 
identical with the general transformation of similarity of L into L\ namely 
'c' - ax hf a ^ 0, 

5. Metric Aspects of Aflfine Transformations. 

Theorem 1. An affine transformation multiplies by the same constant 
fnctoTf Icj the lengths of all line-segments with the same direction. 

Since the correspondence established by the given affine trans- 
formation between the points of- two corresponding lines, L and L', 
is affine and hence identical with a transformation of similarity (§ 4, 
Ex. 7), the affine transformation multiplies the length of every line- 
segment on L by the same constant factor k. If AB is an arbitrary 
segment on and A'B' the corresponding segment on L', A'B'^k • AB. 

Let M and M' be any pair of corresponding lines parallel respectively 
to L and L', and let CD and C'D' be corresponding segments on M 
and A/'. If CD is chosen equal to AB, so that ABDC 3s a parallelo- 
gram, then A'B^D'C' must also be a parallelogram, and C'D' = A'R'. 
Hence, C'D' = k • CD. Thus the constant factor k applies to dis- 
tances on M as well as to those on L, and the theorem is proved. 
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It follows that we can find k for all line-segments by finding it for 
the radii of a single circle C. Since an affine transformation carries 
a conic into a conic and finite points into finite points, it must carry 
the circle C into an ellipse E. Moreover, it carries the center of C 
into the center of E (§ 4, Th. 2). Hence it carries a radius r of C into 
a semi-diameter d of E. Thus, if C is a circle of unit radius, the 
factor k by which all distances in the direction of the radius r are 
multiplied is precisely the length of the semi-diameter d. 

As r takes on the positions of all the radii of (7, d takes on the 
positions of all the serni-diameters of E. Hence k varies from the 
smallest semi-diameter of E to the largest, that is, from the semi-minor 
axis b to the semi-major axis a: 

h ~ k ^ a. 

It is evident that k takes on the value unity if and only if unity lies 
in the closed interval from b to a* Hence: 

Theorem 2. There are hco, one, or no pencils of real parallel lines 
which arc transformed by an affine transformation so that distance is 
preserved, according as unity lies within, is an end-point of, or lies without 
the interval from b to a, where b and a are the semi-axes of an ellipse which 
corresponds by the transformation to a circle of unit radius. 

Incidentally wc have also established the following facts. 

Theorem 3. The ellipses into vMch the circles of the plane are 
carried by an affine transformation are all similar and similarly placed. 
Their transverse and conjugate axes have the directions corresponding to 
those for which k has respectively its maximum and minimum values. 

The circle C of unit radius with center at 0, namely 
X = cos 6, y — sin 6, 

is carried by the affine transformation 
( 1 ) x' = oix + biy + Cl, y' = tt2X + bzij -f C2 

into the ellipse E, / 

x' — Cl = ai cos 6 bi sin y' — Cz = an cos B + b 2 sin B, 

with center at (ci, Ci). Hence the value of for the direction of slope- 
angle 6 is 

k~ = (a\ -h al) cos^ B + 2(ai?n + « 2 & 2 ) cos B sin 0 + (6? -f bl) sin* B. 

* The reader should draw figures of C and E illustrating the various cases 
listed in the theorem. 
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By means of this formula the foregoing theory may be applied in any 
given case. 

We have restricted ourselves to aflSne transformations of general 
type, excluding the case in which is a constant. In this case distance 
is a relative invariant and the affine transformation is, in particular, 
a transformation of similarity, combined perhaps with a reflection in 
the axis of x. It is readily found that dk^fdB s 0 if and only if 

(2) 01 + 02= + h\, Oi5i + ajbz = 0. 

But these conditions are equivalent to the relations 

(3) hi = ^ 02, 62 = =b Oi, 

which characterize (1) as a transformation of similarity (Ch. VIII, § 7), 
or the product of a transformation of similarity and a reflection in 
the x-axis. 

EXERCISES 

1 . Determine for each of the following affine transformations the directions 
for which k has its extrema, the directions of the axes and the eccentricity of 
the ellipses into which circles are carried, and when they exist, the directions 
for which distance is preserved. 

(fl) a;' = - X - 3 y, 2/' = 3 x + 2/; 

(6) a;' = X + i 1/ + 1, y' * x — ^ y — 2. 

2. Show that equations (3) are equivalent to equations (2). 

3. Prove that the only affine transformations which preserve directed angle 
are the transformations of similarity. 

6. Projective, Afllne, and Metric Geometries. The group of col- 
lineations, 

pxi = aiiXi + a\2X2 + CLiiXZf 

G's pX 2 = 021X1 + 022X2 + O23X8, |a<y| 9^ 0 , 

pxa = OsiXi + 032X2 + OssXs, 

depends on nine independent homogeneous parameters, the nine o^s. 
It is, therefore, an eight-parameter group. Accordingly, we denote 
it by G%. 

The group of affine transformations, 

^ X' = OiX + biV + Cl, . n 

2/ = a2X + b2y + C 2 , 02 6u 

is a subgroup of G 9 consisting of all the collineations which leave the 
line at infinity, Xj = 0, fixed. 
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The group of rigid motions, 

Q a;' = a; cos ^ — 1 / sin ^ + a, 

* 2 /' = a; sin ^ + 2 / cos ^ + 5, 

is in turn a subgroup of Ge. It is made up of all the affine trans- 
formations which leave fixed each of the circular points at infinity and 
possess distance as an absolvie invariant (Ch. VIII, § 7). 

Projective geometry is the geometry of properties invariant with 
respect to the projective group (jg. 

A property which is invariant with respect to the affine group Ge, 
but not with respect to Gg, is an affine property. Discussion of affine 
properties, with or without the adjunction of projective properties, 
constitutes affine geometry. 

The properties which are invariant with respect to the metric 
group 6 r 3 , but not with respect to the affine group are metric 
properties.* The study of them, either by themselves or in con- 
junction with affine and projective properties, is the purpose of metric 
or Euclidean geometry. 

In Ch. VIII, §§ 6 , 7, wo exploited the advantages of interpreting 
metric geometry as a subgeometry of projective geometry, ob- 
tained b}’^ demanding that two conjugate-imaginary points remain 
fixed. In the previous paragraphs we noted similar advantages 
enjoyed by affine geometry as “ a projective geometry with a fixed 
line.'' 

Both affine geometry and metric geometry are, however, in them’- 
selves, geometries of the finite plane, which employ nonhomogeneous 
in preference to homogeneous coordinates. In both, the principle of 
duality fails to function, and the point, as fundamental element, 
outweighs by far the straight line in importance. 

EXERCISES 

1. Classify the figures of Ch. II, § 1, Ex. 1 as projective, affine, or metric. 

2. Do the same for the following figures and properties. ^ 

(a) A line-segment and its mid-point; (6) a pencil of intersecting straight 
lines; (c) a central conic; (d) an ellipse; (e) a central conic and its center; 
(/) a central conic and its foci; (g) the eccentricity of a conic. 

* The introduction of affine geometry enables us to draw finer lines in clas- 
sifying properties. Those properties which we previously designated as 
metric are here subdivided into (a) affine properties and (&) the properties 
which we now, and henceforth, designate as metric properties. 
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7. Geometries in the Complex Plane. In constructing a geometry, 
we are at liberty to specify whether we shall take the coefficients in 
the controlling group of transformations real or complex. We are 
also free to choose whether we shall study properties of real or Complex 
configurations. 

Thus far we have studied the properties of real configurations with 
respect to groups of real transformations. In Ch. VIH we discussed 
real conics, that is, conics represented by equations with real coef- 
ficients, with respect to the group of real rigid motions. In Ch. IX 
we treated real one-dimensional linear transformations with reference 
to changes of projective coordinates which were real. 

If, in the case of the conics, we were to take the coefficients in the 
equation of the general conic, and those in the equations of the general 
transformation, complex instead of real, the classification of conics 
would be simpler. We should have merely the parabolas, tangent to 
the line at infinity, and the central conics, meeting the line at infinity 
in distinct points. There would no longer be a distinction between 
ellipses and hyperbolas; for, the expression — 4 AC would be com- 
plex and hence have no sign. 

This case is typical. Complex geometry based on a group of 
complex transformations exhibits, in general, a smaller number of 
subdivisions than the corresponding real geometry based on the cor- 
responding group of real transformations. 

Complex geometry is, however, so abstract that we prefer to confine 
ourselves in the main to the consideration of real geometry with respect 
to groups of real transformations. 

Exkiicise. Classify one-dimensional linear transformations with complex 
coefficients, and obtain a normal form for each type with respect to changes 
of projective coordinates with complex coefficients. 
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POINT CONICS AND LINE CONICS 

1. Point Conics. We shall henceforth write the general equation 
of the second degree in homogeneous point coordinates in the form 

aiiXi + 022^2 + a33a'3 + 2 a2zX2Xs + 2 aziXzX^ + 2 012 X 1 X 2 = 0, 

and at the same time introduce O 32 , 013 , equal respectively to 023 , 
O31, 012^ 

U 28 = Ct32, Ust = ttl8, U 12 = 021* 

The equation can then be put in the form 

OiiXiXi + 012X1X2 + 013X1X3 

“j“ O21X2X1 -|- O22X2X2 023X2X3 

+ 031X3X1 + 032X3X2 + 033X3XS = 0 , 

and hence written 

333 

QljXiXj + X] a2iX2Xj + X! (hjXzXj = 0, 

i=i 

or 

3 

L (oi/Xix, + a2,X2X, + azfXzXj) = 0, 

or, still more compactly, 

3 3 

X^ fltjXtXj fl* 

One summation sign suffices to do the work of both. Thus we 
obtain the final condensed form 

3 

(1) L == 0» 

Definition 1 . The locus of the points whose coordinates satisfy an 
equation of the form (1), where the coefficients are real and not all zero* 
is a real point conic. ' 

The determinant |o,,'| is called the discriminant of the conic, and 
the matrix ||Ot,||, the matrix of the conic. 

* If the coefficients are all zero, the locus of (1) consists of all the points in 
the plane. Conversely, if the locus of {!) is all the points of the plane^ all the 
coefficients in (1) are zero. For, if (1) is satisfied by the coordinates of all 
points (xi, X 2 , xs), it is satisfied by (1, 0, 0), (0, 1, 0), (0, 0, 1), (0, 1, 1), (1, 0, 1), 
(1, 1, 0); hence we find that an = 022 = an = a 28 = oai = flu = 0. 

187 
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We assume that xi, xj, xs are projective coordinates which may be 
thought of as general, or specialized (affine or metric), according to the 
needs of any given problem. 

Intersection of a Line and a Conic. If r : (ri, r 2 , rs) and 
8 : {sif S 2 , sj) are two distinct points on a straight line, an arbitrary 
point on the line has the coordinates 

(2) X = X r + /I s. 

This point lies on the conic (1) if and only if * 

U + M St)(X Tj + n Si) = 0, 

or 

(3) X^ "h Xju(^(3tjTt\9/ -f- fx^ ^^aijSiSi — 0. 

Since aij = ay„ ^a^Js^ri is the same as ^OjtrjSi. But the latter 
sum is unchanged if we interchange i and j. Hence 

( 4 ) Y^aijS^Tj = 
and (3) becomes 

(5) X2 + 2 Xm 4- == 0. 

This is a homogeneous quadratic equation in X, fx with constant 
coefficients. If the coefficients are not all zero, the equation deter- 
mines two points Xir + /xjs, X 2 r + common to the line and the 
conic. If the coefficients are all zero, every point (2) of the line lies 
on the conic. 

Theorem 1. A straight line intersects a point conic in two points, 
distinct or coincident, or is entirely contained in the conic. 

By means of this theorem, we can prove 

Theorem 2. If two point conics are identical, their equations are 
proportional. ] 

3 

* By S we shall always mean S . 

i. /-I 

t Proof. Let 

a S ZQxjX^Xj =0, /9 s Xb^jXiXj = 0 

have the same locus, and let r be a point not on this locus. Form the linear 
combination 

/9 “■ k ct — ^bijXtXj ““ k Sa%jXtXj — 0, 
choosing k so that the locus of (9 — A; a = 0 contains the point r: 

k = (S6.,r,r,)/(So„T,r,). 

Since r is not a point on the common locus of a = 0 and 0 • 0, an arbi* 
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Definition 2. If can be factored into two linear factors: 

^aijXiXj s (c|a:)(d|a;), 

the point conic (1) is called degenerate. 

The conic then consists of the two straight lines (c|a:) == 0, 
{d\x) = 0. Conversely, if the conic (1) consists of two straight lines 
(c|a;) = 0, (d|a:) = 0, equation (1) and the equation {c\x){d\x) = 0 
have the same locus and are, by Th. 2, proportional; hence 

Y^aijXiXj = k{c\x){d\x)y k 7^ 0, 

and the conic (1) is degenerate. 

Theorem 3. A point conic is degenerate if and only if it consists of 
two straight lineSj distinct or coincident. 

If the lines are distinct, their point of intersection 
has the property that every line joining it to a second 
point of the conic is contained in the conic. If the 
lines are coincident, every point of the conic has 
this property. 

Definition 3. A point is called a singular point of a point conic if 
every line determined by it and a point of the conic is contained in the 
conic. 

We have noted that a degenerate conic always has at least one 
singular point. Conversely, if a conic has a singular point P, it must 
be constituted solely of straight lines through P * and hence is 
degenerate. 

Theorem 4. A nondegenerate point conic has no singular point. 
A degenerate point conic has one singular pointy or all of its points are 
singular y according as it consists of two distincty or of two coincidenty lines. 

We give in the next theorem analytic conditions for a singular point. 

trary line L through r intersects this locus in just two points. Then L inter- 
sects the locus /3 ~ /c a = 0 in at least three points — these two add r — and 
therefore, by Th. 1, is a part of the locus p — k a = 0. But L was any line 
through r. Hence the locus — A; a = 0 consists of all the points in the 
plane. Consequently, by Def. 1, footnote, 6,, — fcOi,- = 0 or » fca,,* for 
iy j = 1, 2, 3, and /3 is proportional to a; in fact, ^ ka. 

* The number of lines must be two, since otherwise a line not through P 
would intersect the conic in a finite number of points different from two and 
Theorem 1 would be contradicted. Of course the two lines may be distinct 
or coincident. 



Fig. 1 
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We postpone the proof for a moment in order not to break the thread 
of the present argument. 

Theorem 5. The point r is a singular point of the point conic (1) 
if and only if ri, r*, rs satisfy the equations 

aiiVi + + 0137*3 = 0, 

(6) 02iri -f ariTi -f o-isra = 0, 

0317*1 + 032r2 + osara = 0. 

Since these equations have a solution other than 0^ 0, 0 if and only 
if I axj\ = 0, there exists a singular point if and only if the discriminant 
of the conic is zero. Hence, we conclude 

Theorem 6. A point conic is degenerate if arid only if its discriminant 
vanishes. 

If the rank of the matrix of equations (6) is two, there is one singular 
point; if the rank is one, there are ooi singular points, all the points of 
a line. 

Corollary. A degenerate point conic consists of two distinct, or two 
coincident, straight lines according as the rank of its matrix is two or one. 
Since equations (6) can be written 

3 3 3 

Y, oijT, = 0 , Y = 0 , Y «»)»•/ = 0 , 

j-=i ^=1 

they are equivalent to the identity 

3 3 3 

(Z aijr,)yi + (Y aiirj)yz + (Z o.3,r,)yt = 0, 

j==i j=i j=i 

and hence to either of the identities 

~ 9, = 0. 

Accordingly, we can restate Theorem 5 as follows. 

Theorem 5 (Restated). The point r is a singular point of the point 
conic (1) if and only if 

(7) = 0- 

In proving the theorem we begin by assuming that r is a singular 
point. Let y be any point of the plane other than r. A point of the 
line of r and y which lies on (1) has coordinates 

X = r + fjLy, 

where m is a root of the equation 

(8) YaitfiT} + 2iiY<tifiyi + M* Z««W = 0. 



POINT CONICS AND LINE CONICS 


191 


Since r is a singular point, the line of r and y either is contained 
in the conic or meets the conic only in the point r, according as y 
is, or is not, on the conic. In the first case, all the coefficients in 

(8) vanish, and in the second, jit = 0 is the only root of (8), so that the 
first two coefficients vanish. Hence, in cither case, 

(9) = 0. =0, 1/ 7^ r. 

The identity (7) is now seen to hold for all points y\ the second of the 
equations (9) verifies it for any point y other than r and the first 
verifies it for the point r. 

Suppose, conversely, that a point r is given for which the identity 
(7) is true. Then equations (9) hold regardless of the choice of the 
point 2/, and the first two coefficients in (8) arc always zero. If y is 
taken, in particular, as any poirit on the conic, the third coefiicient 
in (8) vanishes and the line of r and y is contained in the conic. 
Hence, by definition, the point r is a singular point. 

Theorem 7. If a point conic contains a Ivncy it is degenerate. 

This theorem, though intuitively obvious, is not easy to prove. 
We can reason that if the conic (1) contains the line (eja;) = 0, 
^OijXiXj must contain (clx*) as a factor; the second factor is then also 
linear and the conic is degenerate. There is a general theorem in 
higher algebra to sui)port this reasoning; an appeal to it establishes 
the desired result.* 

* Direct Proof, If the conic consists only of the points of the line c, it is 
identical with the conic (cl.r)2 = () and hence, by Th. 2, is degenerate. 

If the conic contains a point s not on the line c, there exists a point y oji c 
so that the line of y and &■ belongs to the conic. For, y lies on c if and only if 

(10) (c|t/)=0, 

and the line of s and y is contained in the conic if and only if all the coefficients 
in 

X2 XttrjSiSj -{• 2 J:a,)y,yi = 0 

vanish, or, since the first and last coefficients are by hypothesis zero, if and 
only if , 

( 11 ) ^a^js^yj - 0 . 

Equations (10) and (11), being linear and homogeneous in yi, yz, 7/3, always 
have a solution other than 0, 0, 0. Thu? our contention is proved. 

The conic now contains two lines, the given line (cjx) =0 and the line 
{d\x) = 0 of the points y and s. If it contained any other point, it would 
contain all the lines through this point, by Th. 1, and hence comprise all the 
points of the plane. Consequently, it consists precisely of the two lines, 
(c\x){d\x) = 0, and is degenerate. 
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EXERCISES 

!• By the method of the text find the points of intersection of the line 
joining the points (1, 4, 1), (5, 0, 1) with the conic 

XiXs — 6 Xs* *= 0. 

2. Determine the points of intersection of the line 

Xi — 2x2 + Xi = 0 

and the conic 

Xi® - 1 - 2 X 2 ^ — X? — X1X2 — 2:2X8 = 0 . 

3. Verify the identity (4) by writing out and comparing the two members. 

4. Ascertain the rank of the matrix of each of the following conics. If the 
conic is degenerate, find its singular points and the lines of which it consists. 

(а) 2 xi* — X2^ + 5 Xa* — 4 X2X8 + 7 X3X1 — X1X2 = 0 . 

(б) 2xi* 4-3x2® — xs® -1- 2 x 2 X 3 — XsXi 4- X 1 X 2 = 0. 

(c) xi® 4- 4x2® 4- 4x3® “ 8 x 2 X 3 4- 4 x 3 X 1 — 4xiX2 = 0 . 

5. Show that the definition of a point conic is independent of the system 
of projective coordinates chosen. 

2. Nondegenerate Point Conics and Their Tangent Lines. From 
Theorems 1 and 7 of § 1 we conclude 
Theorem 1. A straight line always intersects a nondegenerate point 
conic in two points^ distinct or coincident. 

If the two points coincide in a single point, we say that the line 
meets the conic twice in this point. 

Theorem 2. Through a point of a nondegenerate point conic there 
passes just one line which intersects the conic twice in the point. 

Let the conic be 

(1) ^^aijXxXj = 0, aij = ajij 1®»jI ^ 9, 

and let r be the given point on it : =0. If a point y moves 

always so that the line of y and r meets the conic twice in r, that is, 
BO that X = 0 is always a double root of the equation 

+ 2 X Eotvyir, +0 = 0, 

then 

(2) HanViTi = 0, 

and conversely. Equation (2) represents, therefore, the locus of the 
point y. It is a linear equation in yi, t/ 2 , yz'- 

8 3 8 

(E + (E + (E a3,-r,)j/, = o, 

^-1 i-1 J-’l 
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not all of whose coefficients can be zero (Ex, 1), and therefore repre- 
sents a straight line, which passes through the point r. 

DEFimTiON. The unique line through a point of a nondegenerate 
point conic which meets the conic tvnce in the point is the tangent to the 
conic at the point. 

It is evident from the proof of Theorem 1 that the line (2) is the 
tangent to (1) at the point r. 

Theorem 2. The equation of the tangent to the point conic (1) af the 
point r is 

(3) JLaijTiXj =0 or = 0. 

It is to be noted that the equation is obtainable from (1) by replacing 
one set of x’s in (1) by the corresponding 


Condition that a Line he Tangent to a Nondegenerate Point Conic. 
The definition of a tangent implies that a line is tangent to the conic 
(1) if and only if the two points in which it intersects (1) are coin- 
cident. It is, then, a simple matter to deduce the condition that a 
line be tangent to (1) when the line is determined by two points 
(Ex, 6). 

The problem is more interesting when the line is defined by its 
coordinates. Suppose that the line u : (ui, W 2 , Ws) is tangent to (1). 
If the point of contact is r, coordinates of the line, as the tangent at r, 
are 

3 3 3 

Z X) os/r,-. 

^-1 i-i 


Hence 

3 

(4) E = P^i» 


3 

E 




a^jrj — pu^i 


3 



OBjT/ = pUs. 


Since r lies on w, 

(5) Uiri + U2r2 + usrs = 0. 


In (4) and (5) we have four homogeneous linear equations, 


( 6 ) 


aiiri + ai2r2 + aisrs — UiP = 0, 

021^1 + a22r2 + 023^8 W 2 P = 0, 

asiri + 032^2 + 083^3 ■“ Wap “ 

Wiri + W2r2 + Wars — 0 p = 0, 


* That the tangent to (1) at the point r, as we have here defined it, is the 
limiting position of the secant joining r to a neighboring point s of (1), as 
required by the general definition of a tangent, is readily proved. 
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which by hypothesis have a solution for ri, r2, rs, p other than 
0, 0, 0, 0. Consequently, 


ail 

U12 

diz 

Ui 

a^i 

^22 

fl23 

U 2 

flai 

^32 


Uz 

Ui 

U 2 

Uz 

0 


Given, conversely, a line u whose coordinates satisfy (7). Since 
the determinant in (7) is zero and | | 0, the system of equations 

(6) is of rank three and has solutions other than 0, 0, 0, 0. These are 
the solutions of the first three equations. Since each two of them are 
proportional, it suffices to consider one of their number: ri, rg, rj, p. 
If the r’s in this solution were all zero, the first three equations would 
reduce to Uip = 0, u^p = 0, u^p = 0 and p would be zero; vice versa, 
if p were zero, then, since | a*,! 0, the r’s would all vanish. Hence, 

there exists a unique i)oint (ri, r2, r^) and a corresponding value of 
p, not zero, so that equations (4) and (5) are satisfied. Since (5) 
becomes, by virtue of (4), 

3 3 .3 

ri H aijrj + ra 22 a2/r/ + rg 22 as/,- = 0 or Yidtjrxrj = 0, 

^=1 

the point r is on the conic, and equations (4) then say that the line 
u is the tangent at r. 

Equation (7) is a homogeneous quadratic equation in Ui, wo, 

Wc find, on expanding the determinant, that it can be written in the 
form 

( 8 ) = 0 , 

where ^*7 is the cofactor of aij in | aty| and (Ch. I, § 6, Ex. 3) 

Aij = Ajif ' = |aq|“. 

Theohem 3. The line u is tangent to the nondegenerate point conic (1) 
if and only if Wi, uzy Uz satisfy cqvation (7) or the equivalent equation (8). 

Since equation (8) is satisfied by the coordinates of those and only 
those lines which are tangent to (1), it represents the totality of these 
tangents. This totality we shall call a line curvcy in particular, the 
line curve which corresponds to (1). Inasmuch as (8) is of the second 
degree in Wi, Uzy uz and \Aij\ f^ 0, it is natural to designate this line 
curve as a nondegenerate line conic. 
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Theorem 4. The line curve corresponding to a nondegenerate point 
conic is a nondegenerate line conic. If the equation of the point conic is 

^^OijXiXj = 0, aij = ajif |^>;i ^ 

the equation of the line conic is 

= 0, Aij = Afi, lA,-,! 9^ 0. 

Before preceding further it is essential that the student acquire the 
fundamentals of the theory of line curves, as set forth in Ch. XIII, 
§§ 1 , 2 . 

EXERCISES 

1. Show that equation (3) represents a line unless the conic is degenerate 
and r is a singular point. 

2. P'ind tlie equation of the tangent at the point (i, i, 1) to 

xi^ -f 2 X2® -|- 3 xp + XiXz — X 2 X 3 = 0. 

3. Find the equation of the line conic which corresponds to the given point 
conic. 

(a) Xi® + ^ 2 ^ — = 0; (b) x^ + x^ -f x^ — 0; 

(c) X'i* — 2x1X3 == 0 ; (d) X1X2 -f X2X3 + XsXi = 0 ; 

(f) xi* + 3 ^ 2 * -f- — 2 X2X3 — 2 X3X1 — 2 X1X2 * 0. 

4- Show that equation (8) is equivalent to equation (7). 

5. Is the line joining the points (2, 1, 3), (1, 1, 1) tangent to the conic of 

Ex. 2? 

6. Prove that a condition necessary and sufficient that the line joining the 
points r and s be tangent to the conic (1) is that 

7. Find the tangents to the conic 

xi* — 3 X2® — 4 Xa^ = 0 

which pass through the point (1, — 2, 2). 

Suggestion. Find the locus of the i)oint y moving so that the line joining it 
to the given point is always tangent to the conic. 

8 . The preceding problem in the general case. 

/ 

3. Line Conics. Since the theory of line conics is the dual of that 
of point conics, we content ourselves with a brief description of it. 

Definition 1. The totality of lines whose coordinates satisfy an 
equation of the form 

( 1 ) '£,biiU{uj = 0 , bij * bji, 

where the coefficients are real and not all zero^ is a real line conic. 
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The definition is independent of the system of projective coordinates 
chosen. 

Theorem 1. Through a point pass just two lines of a line conic, or 
cll the lines through the point belong to the conic. 

In line geometry a point consists of all the lines which pass through 
it. Accordingly, if all the lines through a point belong to a line conic, 
it is natural to say that the point belongs to the conic. 

The treatment of degenerate line conics follows that of degenerate 
point conics. A line conic is degenerate if and only if it consists of 
two points, distinct or coincident. A line is 
a singular line of a line conic if every point de- 
termined by it and a line of the conic belongs 
to the conic. A degenerate line conic has one 
singular line or all of its lines are singular, 
according as it consists of two distinct, or two coincident, points. A 
nondegenerate line conic has no singular line. 

Theorem 2. The line r is a singular line of (1) if and only if 

(2) = 9, for all v, 
or 

8 3 3 

(3) S bifi =0, 2 btfi =0, 23 bjfi = 0. 

^-1 }-\ }=i 

Theorem 3. The line conic (1) is degenerate if and only if its dis^ 
criminant 1 6,;| is zero. It then consists of two distinct^ or two coincident, 
points according as the rank of its matrix ||^t?|| is two or one. 

Finally, if a line conic contains a point, it is necessarily degenerate. 

Nondegenerate Line Conics and Their Contact Points. 

Theorem 4. Common to a point and a nondegenerate line conic 
there are always two lines, distinct or coincident. 

Theorem 5. On a given line of a nondegenerate line conic there is a 
unique point which has the property that the lines common to it and the 
conic are coincident in the given line. 

Let the given line of (1) be r : == 9. A point on r can be 

thought of as determined by r and a second line v. The lines 
w =* X V + r common to the point and (1) are defined by the roots of 
the equation 



Fig. 2 


(4) 


X’* + 2X2^ft»vw,r,- + 0 = 0. 
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If the line v moves always so that these two lines coincide in r, 
that is, so that X = 0 is always a double root of (4), then 

(5) = 0, 

and conversely. Hence the envelope of the line » is a point which 
lies on r. 

Definition 2. The unique point on a line of a nondegenerate line 
conic which has the line twice in common with the conic is the contact 
point of the conic on the line. 

Theorem 6. The equation of the contact point of the line conic on the 
line r is 

(6) Y^hiiTiUj = 0 or = 0- 

The definition implies that a point is a contact point of (1) if and 
only if the two lines which it has in common with (1) are coincident. 

Theorem 7. The point x is a contact point of the nondegenerate line 
conic 

(7) ^lt^tiU>iUj = 0| hij ~ hjiy ^ 

if and only if Xi, X2, Xa satisfy the equation 

(8) ^-Bt'jXt'X/ = 0, = Bjif ^ 

where Bij is the cofactor of in 

Since (8) is satisfied by the coordinates of those and only those 
points which are contact points of (7), it represents the point curve 
which corresponds to (7) in the sense of Ch. XIII, § 2. 

Theorem 8. The point curve corresponding to a nondegenerate line 
conic is a nondegencrate point conic. If (7) is the equation of the line 
conic, {S) is that of the point conic. 

EXERCISES 

1. Find the lines of Ui^ + = 0 which pass through the point of 

intersection of the lines (1, — 2, 0), (1, — 1, — !)• 

2. Find the lines of the conic 

/ 

Ml* — 3 M2* + Ms* — 2 M 1 M 2 + 5 MiMa =* 0 
which pass through the origin. 

3. Determine the contact point of i;* + 9m = 0 on the line (— 1, — 3). 

4 . Show that the line conic 

2 Ml* — M2* — 2 Mg* H- 5 M2M3 — MgMi ~ 3 M1M2 = 0 
is degenerate and find the points of which it consists. 
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5» Find the equation of the point conic which corresponds to 
Ml® H- 4 Us® + 2 U1U3 + 2 U1U8 = 0. 

6, Prove Theorem 7. 7. Prove Theorem 2. 

8 . Deduce a condition that the point of intersection of the lines r and s 
be a contact point of the nondegenerate line conic (7). 

4. Point Conics and Line Conics. We have seen (§2, Th. 4) that 
to the nondegenerate point conic 

(la) ~ Ojiy ^ ^ 

corresponds the nondegenerate line conic 

(16) ^^AijUiUj = 0, Aij = Ajif I -^17 1 7 *^ 

where A a is the cofactor of a,/ in |ai;|, and (§ 3, Th. 8) that to the 
nondegenerate line conic 

(2 a) = 0, hij = 62V1 |6»;| 5*^ 0 

corresponds the nondegenerate point conic 

(2 6) = 0, Bii = By,, | Byy| 51^ 0, 

where J5*y is the cofactor of 6*/ in l6iy|. 

Thus, there is a relationship between the nondegenerate point 
conics and the nondegenerate line conics; the tangents to a non- 
degenerate point conic constitute a iiondegenerate line conic, and the 
contact points of a nondegenerate line conic form a nondegencrate 
point conic. 

Is this relationship reciprocal? If C and C' are two conics of op- 
posite types and C' corresponds to C, will C correspond to C'? For 
example, if C is a nondegencrate point conic and C' is the nondegener- 
ate line conic consisting of the tangents to C, will the contact points 
of C' be the points of C? 

That the question is to be answered affirmatively is guaranteed by 
Theorem 2 of Ch. XIII, § 2. A proof of the theorem in the present 
case is readily given. Consider the conics (1 a) and (1 6). We know 
that (16) corresponds to (la). Vice versa, (la) corresponds to (1 6). 
For, the point conic corresponding to (16) has the equation 

= 0 , 

where a»y is the cofactor of Ayy in |Aty|, and consequently, fince 
oiij ~ I I (Gh. I, § 6, Ex. 2), is the conic (1 a). 
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Theorem 1. The nondegeneraie point conics and the nondegenerate 
line conics correspond in pairs. 

If C and C" are respectively the point conic and the line conic of a 
pair, the tangent lines to C are the lines of (7' and the contact points 
of C' are the points of C; C, with its tangent lines adjoined, and C\ 
taken with its contact points, are identical. 

Theorem 2. The nondegenerate point conics with their tangent lines 
and the nondegenerate line conics with their contact points are identical. 

We shall call these identical configurations simply nondegeneraie 
conics. A nondegenerate conic consists, then, of both points and lines. 
It is at one and the same time a point locus and a line envelope and 
can be thought of as generated by a point and a line moving as a unit 
so that the point traces the constituent point curve, and the line, the 
constituent line curve. 

A nondegenerate conic has two equations, one in point coordinates 
and one in line coordinates. If the conic is given by (1 a) as a point 
locus, its equation in line coordinates is (1 Or, if (2 a) defines the 
conic as a line envelope, the equation in point coordinates is (2 h). 

The situation is entirely different when it comes to considering 
degenerate conics. A degenerate point conic consists of two lines 
and hence has no equation in line coordinates. Similarly, a degenerate 
line conic has no equation in point coordinates. 

There are, then, three distinct t 3 q)es of conics: the nondegenerate 
conics, the degenerate point conics, and the degenerate line conics. 

EXERCISES 

1. Find the equation in line coordinates of 

aiiXi* + 0223^2* “h — 0, aua^sflzz 0. 

Apply the result to 



2. Find the equation in line coordinates of 

022 ^ 52 ^ + 2 QizXiX^ — 0 , ^022018 9^ 0 , 

and apply the result to 

— 2mx. 

3. Find the equation in point coordinates of 

011^2^8 4- atUsUi + asWiW2 = 0, aia^az 0. 

4. Show that the points and tangents of a (real) conic are real or conjugate- 
imaginary in pairs. 
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5. Prove that Uie tangents to a nondegenerate conic at conjugate-imaginary 
points are conjugate-imaginary. State the dual. 

6. Show that the constituent points of a degenerate line conic are real or 
conjugate-imaginary. 

7. Prove that if an imaginary line meets a point conic in two distinct 
points, the conjugate-imaginary line meets the conic in the two conjugate- 
imaginary points. 

5. Tangents to a Degenerate Point Conic and Contact Points of 
a Degenerate Line Conic. If r is a nonsingular point of the point conic 

( 1 ) 

the equation 

( 2 ) = 0 

always represents a straight line (§ 2, Ex. 1). This line we know to 
be the tangent to (1) at r if (1) is nondegenerate, and we agree to call 
it the tangent at r when (1) is degenerate. 

The line is, in this case, that one of the constituent lines of the conic 
which contains r. For, 

T,aiiXiXj s 2 (c j 3:)(d| x), 

Y,o^}X{rj = (c|r)(d|x) + (d|r)(c|x). 

Consequently, if we assume, for example, that r lies on the line c, 
equation (2) reduces to (c|.t) = 0. 

If r is a singular point of the degenerate point conic (1), the coef- 
ficients of X\y Xz, Xs in (2) all vanish. It is natural, here, to recognize 
two lines as tangents at r, namely the two constituent lines of the 
conic. If the conic consists of two distinct lines, there is only one 
singular point and the two tangents at it are distinct. When the lines 
of the conic coincide, every point is a singular point and the two tan- 
gents in each point coincide. 

We can sum up by saying that a degenerate point conic has just 
two tangent lines, distinct or coincident, and that each of the two 
lines is tangent, at every one of its points, to the conic. 

Exercise. Discuss the contact points of a degenerate line conic. 

6. Complex Conics. If the coefficients in a homogeneous quad- 
ratic equation in Xi, X 2 , xz or in Ui, W 2 , ws are complex, the equation is 
said to represent a complex point conic or a complex line conic. If, in 
particular, the coefficients are all real or can all be made real by sup- 
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pression of a common factor, the complex conic is real. Otherwise it 
shall be called imaginary. 

The contents of the present chapter, with the exception of Exs. 4-7, 
§ 4, are valid for complex conics, 

EXERCISES 

1 . Show that the point conic 

2 2?!® + iX\X2 "f" 3/2* “h (3 — i)X\X2 — 2X2358 "f" 2x3^ « 0 
is degenerate and find its constituent lines. 

2 . Determine the tangents to the conic 

xi^ + i X 1 X 2 — Xa* = 0 

which pass through the point (1, f, 1). 

3 . Find the real points on each of the following conics: 

(a) xy^ -f- X2* “h Xs* = 0; (6) x^ — xiXs -f- 1x2X3 =* 0; 

(c) X2^ — (1 — t)^ia58 — ix3^ = 0; 

(d) X2’* — XiXa -f ^*(^1 — 3^3) (xi — 2x3) * 0 . 

4 . Show that a complex point conic is real if and only if it is identical with 
the conjugate-complex conic. 



CHAPTER XIII 


POINT CURVES AND LINE CURVES 

1, Point Curves and Line Curves. Consider the circle whose 
center is at the origin and whose radius is a: 

(1) -\r — CL^- 

From the standpoint of line geometry, the circle must be thought of as 

O generated by lines. The lines which it is natural 
to choose arc the tangent lines. The circle is then 
called the (mveloj)e of its tangent lines, and an equa- 
tion in the line coordinates (w, ?;) which is satisfied 
by the coordinates of these, and only these, lines 

is known as an equation in line coordinates of the 

Fio. 1 . , 

circle. 

The line (w, tangent to (1) if and only if the distance from it to 
the origin is equal to a. Inasmuch as the equation in point coordinates 
(X, Y) of the line is (Ch. V, § 5) 

(2) uX + vY + 1 = 0, 

tlio distance in question is 1/V'w^ + Hence the equation of the 
circle in line coordinates is 

(3) + v^ = + 

or 

Suppose, now, tliat an equation in 
Uy V is given, for example, 

(4) 4 m’ = 1. 

This equation can be rewritten, in terms 
of the intercepts — l/w, — l/v of the 
line (u, v), as (— l/u){— l/v) = 4, 
and is therefore satisfied by the 
coordinates of those and only those Fig. 2 

lines the product of whose intercepts 

is equal to 4. We can draw with ease a large number of these lines. 
Wc thereby obtain, as the geometric representation of the equation 

202 
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(Fig. 2), a clean cut picture of a curve, a curve defined by straight 
lines alone. 

As another example, we take the equation 

(5) t? = — 4 u\ 

Rewriting the equation in terms of the intercepts — l/u, — l/v and 
plotting lines whose coordinates satisfy it, we 
find as its geometrical interpretation the curve 
shown in Fig. 3. 

In these two examples we have curves of a 
new type, curves defined by straight lines. 

We call them, for want of a better name, 
line curves, and, in distinction, call the curves 
defined by points, point curves. 

As defined, point curves and line curves are 
as far apart as the poles. The former consist 
of points, the latter of lines. For example, equation (1) represents 
the point curve which consists of all the points at the distance a from 
the origin, and equation (3) represents the line curve which is made 
up of all the lines at the distance a from the origin. A priori, the 
two curves have nothing in common. 

We know, however, that the tangents to the point circle (1) are 
precisely the lines of the line circle (3). Wc know, also, that on each 
line of (3) we can mark a point so that the resulting points are those 
of (1). Thus the point circle (1) and the line circle (3) are brought 
into relationship. 

Figure 2 suggests that the lines of the line curve (4) are the tangents 
to a familiar point curve, a rectangular hyperbola with the axes as 
asymptotes. We can establish this relationship if we can choose the 
constant a in the equation 

(6) 2xy = a 

of a hyperbola of this type so that the product of the intercepts of 
each tangent to the hyperbola is equal to 4. The tangent ^to (6) at 
an arbitrary point (x, y) has the equation 

ijX + xY = a. 

The product of the intercepts of the tangent is a^Jxy or 2 a, and will be 
equal to 4 if we take a = 2. 

Thus, the tangents to the point hyperbola 

(7) xy = 1 
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are the lines of the line curve (4). Vice versa, we can choose a point 
on each line of (4) so that these points are the points of (7). It is 
natural, then, to call the line curve (4) a line hyperbola. 

EXERCISES 

1 . Reproduce on a larger scale than that of Fig. 3 the line curve represented 
by equation (5). Find the equation of the corresponding point curve, that is, 
the point curve whose tangents are the lines of the line curve. 

2. Draw a graph representing the line curve — u = 0 and find the 
equation of the corresponding point curve. 

3. Plot the line curve 


2. Continuation. Systematic Treatment. To round out the ideas 
concerning a line curve which are illustrated by the examples of the 
previous paragraph, we need a general theory by means of which points 
can be associated with a given line curve. It is natural to take as 
this theory the dual of the theory of tangent lines to a point curve. 
For the sake of comparison we shall arrange the two theories in 
parallel columns. 


Definition la. If S is the line 
joining a given point P to a neigh-- 
boring point P' of a point curve^ 
the TANGENT LINE at P is the limit 
of S as P' approaches P throv^h 
points of the curve. 



Theorem 1 a. The equation of 
the tangent line to the point curve * 
(1 o) y = f{x) 


Definition 1 &. If I is the 

point of intersection of a given line 
L and a neighboring line U of a 
line curve f the contact point on L 
is the limit of I as U approaches L 
through lines of the curve. 



Theorem 1 b. The equation of 
the contact point of the line curve 


(16) t; — <l>(u) 

* Since we arc working in the complex plane, x and u are complex and f(x) 
and ^(u) are functions of complex variables. We assume that these functions 
are single-valued functions which are analytic^ that is, are continuous with 
continuous derivatives. 

The reader who is not acquainted with analytic functions of a complex vari- 
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at the point (x, y) is on the line (u, v) is 

We prove Theorem 16. The equation of the point I in which the 
line L : (w, v) and the neighboring line U : (w + Aw, v + Av) inter- 
sect is 


u 

u 

u 4- Au 

U -u 

u 

Au 

V 

V 

V -\- Av =0, 

or F — V 

V 

Av 

1 

1 

1 

0 

1 

0 


and hence can be written in the form 

V - v=^(U -u). 

Aw 

When L' approaches L through lines of the curve, Av/Au approaches 
dv/du. Hence the equation of the contact point is 

V - V = - u).* 


Definition 2 a. The line curve Definition 2 6. The point 

which consifits of the tangents to a curve which consists of the contact 

given point curve shall he called the points of a given line curve shall he 

line curve corresponding to the called the point curve corresponding 

given point curve. to the given line curve. 

Theorems 1 a and 1 6 make possible a general method for the deter- 
mination of the curve of the one type which corresponds to a given 
curve of the other type. We illustrate the method by a pair of 
examples. 

Let it be required to find the Let it be required to find the 
line curve which corresponds to point curve which corresponds to 

the point curve the line curve 

(2 a) 2xy=^\. (2 6) 2uv=l. 


able may, if he wishes, consult Osgood, Advanced Calculus, Ch. XX. , It suffices, 
however, for him to know that, as far as the content of the present chapter 
is concerned, he may work with these fimctions precisely as he works with 
functions of a real variable. 

* A similar proof may be given for Theorem 1 a. The proofs, as well as 
the theorems, are projective, for they are valid regardless of whether (w, v) and 
(x, y) are thought of as general or specialized projective coordinates. The 
elementary proof of Theorem 1 a with which the reader is familiar assumes 
that (x, y) are metric coordinates and so establishes the validity of the 
theorem only for metric geometry. 
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The equation of the tangent to the 
point curve at the point (x, y) is 
- - xY + 1 = 0. 

Hence the coordinates (w, v) of 
the tangent are 


The equation of the contact point 
of the line curve on the line {u, v) is 
— — uV + 1 = 0. 

Hence the coordinates (x, y) of 
the contact point are 


u = ^ y, y = — X. 
Eliminating x, y from these equa- 
tions and (2 a), we obtain as the 
desired line curve 
(2 6) 2uv=h 


X = — y, y = — u. 
Eliminating Uy v from these equa- 
tions and (2 6), we obtain as the 
desired point curve 
(2 a) 2x?/=l. 


To the point hyperbola (2o) To the line hyperbola (2 6) 
corresponds the line hyperbola corresponds the point hyperbola 
(2 6). (2 a). 

We have here a point curve and a line curve each of which corre- 
sponds to the other. Thus, we have proved in a particular case the 
fundamental theorem: 


Theorem 2. If one of two curves of opposite types corresponds to the 
otheTf the second corresponds to the first. 

In other words, if the tangents to a given point curve C are drawn, 
to form the corresponding line curve C', the contact points of C' will 
be the points of C; or, if the contact points of a given line curve (7' 
are marked, to form the corresponding point curve C, the tangent 
lines of C will be the lines of C'. In both cases the relationship between 
the two curves is reciprocal: the tangent lines of C are the lines of C' 
and the contact points of C' are the points of C. 

The theorem is by no means self-evident. A proof of it in the 
general case will be given in the next paragraph. 

Suppose that equations (1ft) Und (16) represent a point curve and a 
line curve which correspond. It is natural, then, to speak simply of 
the curve. We mean, thereby, both the point curve and the line 
curve. Accordingly, we may think of the curve as defined either by its 
points, or by its lines, as the occasion demands, and speak of (la) as 
its equation in point coordinates and of (16) as its equation in line 
coordinates. 

For example, we think of the hyperbola of the foregoing problems 
as consisting of both its points and its tangents. In (2 a) we have its 
equation in point coordinates, and in (2 6), its equation in line coor- 
dinates. 
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The theory of corresponding point and line curves has exceptions 
which deserve special emphasis. A straight line, as a point curve, has 
but one tangent and hence cannot be considered as a line curve. 
Similarly, corresponding to the simplest of all line curves, a point, 
there is no point curve. 


EXERCISES 

1 . Establish Theorem la. 

2* Prove that each of the two curves 

g + g = 1, + W = 1 

corresponds to the other. 

3. Find tlui equation in line coordinates of the curve whose equation in 
point coordinates is =- 2mx. 

4. Find the equation in ix)iiit coordinates of the curve v = 2 w® — ^ -f- 1. 


3. Proof of the Fundamental Theorem. Let a point curve 

(1) y = /W, 

not a straight lino, be given. The equation of the tangent at the 
point (r, y) is 

(2) y'X ^Y + iy^ i/'x) » 0, 

where 2 /' = dy/dx. Hence the coordinates (iq v) of the tangent are 


( 3 ) 


u = 


y 


y — y X 


1 


y - y X 


Elimination of x and y from equations (1) and (3) yields the equa- 
tion of the line curve corresponding to the given point curve. The 
elimination is, however, unnecessary. Equations (3) constitute a 
parametric representation of the line curve in terms of x as the para- 
meter; we need only think of y and y' as replaced by/(x) and/'(x). 

To prove that the point curve corresponding to the line curve (3) 
is the given curve (1), it suffices to show that the contaci point of (3) 
on the line (u, v) is the original point (x, y) of (1). TW equation of 
this contact point is 

(4) V - V = v'{U - w), 

where v' = dv/du. Since, from (3), 


dtt _ y"y ^ 

dx {y — y'xy * dx ^ 2 /'x)* 


( 5 ) 
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we have 



Hence equation (4) becomes 


( 7 ) x(u ^]+y(v + — = 

\ y - yx) \ y - yx) 

and reduces immediately to the equation 

+ yF + 1 = 0 

of the point (x, y). 

In the same way it may be shown that, if a point curve corresponds 
to a line curve, the line curve corresponds to the point curve. Thus 
Theorem 2 of § 2 is established. 

Critique, Equations (3) and subsequent equations are meaningless 
for a point (x, y) of (1) for which y — t/x = 0. This is natural, for 
the tangent (2) at (x, y) is then a line through (0, 0) and therefore 
has no coordinates (tt, v) ; see Ch. V, § 5. 

For a point P for which i/" = 0,* dufdx and dv/dx are zero and v' 
is undefined. It is natural, however, to define v' in this case as the 
limit approached by the ratio of dv/dx and du/dx when a point on the 
curve neighboring to P approaches P as a limit. Then (6) is valid 
for P. 

The difficulty with (6) arising from the fact that y may be zero is 
superficial. We can write, instead of (4), 

dV . \ dU y y _ 

Substitution of the values of the derivatives from (5) then leads di- 
rectly to (7). 

Our proposition is therefore established except for points of (1) at 
which the tangents go through (0, 0). That it holds also for these 
points is immediately realized when one imagines the origin properly 
shifted and the proof repeated. 

EXERCISES 

1. A curve has in point coordinates the parametric representation 
X ^ y ^ U Find the corresponding parametric representation in line 

coordinates. 

• If y" 0, then 2 / = ox + 6 and (1) is a straight line, contrary to hy- 
pothesis. 
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2. Find a parametric representation in point coordinates for the curve 


- sec V = r tan 6. 
i h 


and identify the curve. 

3. The four-cusped hypocycloid a;*/® + has the parametric repre- 

sentation 

X = a cos^ dy y = a sin® B. 

Show that the corresponding parametric representation in line coordinates is 

u = sec By V — CSC B 

a a 

and hence find the equation in line coordinates. 


4. One-Parameter Families of Lines. Envelopes. We have de- 
veloped the theory of one-parameter families of linos from the point 
of view of line geometry. From this point of view, they are simply 
line curves. 

The usual approach to one-parameter families of lines is from the 
opposite point of view. The family of lines is defined by an equation 
in point coordinates, and the problem is to find, not the equation of 
the line curve which the lines constitute, but the equation of the 
envela'pCy the point curve which has the lines as its tangents. The 
envelope is then the point curve, and the term '' envelope,” like the 
term “ locus,” belongs to point geometry.* 

A one-parameter family of lines is represented by an equation in 
point coordinates of the type 

(1) /i(0 + Hi) + /aCO X3 = 0. 

We assume that /i(0, /iWi /sCO J^re single-valuctl, analytic functions 
of the complex parameter ty and tor our immediate purposes we re- 
write the equation in non homogeneous form f 

(2) m X + <t>it) 2/ + 1 = 0. 

We shall describe tliree methods for finding the envelope of the family 
of lines (1) or (2). 

The Method of Line Geometry. A parametric representation of the 
line curve consisting of the lines (2) is evidently 

(3) u = /(O, t; = 0(0. 

* There are, unfortunately, no corresponding terms in line geometry. 
tHcre /(O ==/i(0//3(0i 0(0 =^Mt)/fi{iL la dividing by Mt) we are 
excluding the lines of the family which go through the point (0, 0). Of course, 
all the lines may go through this point; but the envelope is then just the point. 
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Elimination of t from these equations yields the equation in line coor- 
dinates of the envelope. 

The envelope itself is the point curve corresponding to the line 
curve (3). The contact point (a;, y) of (3) on the line (w, v) has the 
equation 

miu -ml -nt)LY - ml = o, 

or 

-4,'U-\-fV+ U<t>’ -U) = 0. 


Hence the equations 
(4) ® = - 



y = 



constitute a parametric representation of the envelope and elimination 
of t from them gives the equation of the envelope.* 


The Method of Analysis, According to this method, f the envelope 
is found by eliminating i from the equations 

/(/.) X + </>(0 y + 1 = 0, 

/'(O X + y =0, 

the second of which is the result of differentiating the first partially 
with respect to t These equations are equivalent to (4), for the 
result of solving them for x and y is precisely (4).t 

The Method of Algebraic Geometry, We assume now that our family 

* If the family consists of a pencil of lines, the envelope is a point and has 
no c(iuation m point coordinates. If the point is finite, the expressions for 
X and y given in (4) are constants. If the point is at infinity, /</>'— /V ^ 0; 
conversely, it can be shown that, if / — f'<i> ^ 0, the lines of the family are 

all parallel. 

1 8ee Osgood, Advanced Calculus, Ch. VIII. 

jThe method of analysis can equally well be applied to equation (1). 
In this case we have 

fl(t)Xi +f2(t)X2 +M)X3 = 0, 
f[(i)Xi +/2(0a^2 +Mt)Xz = 0. 

Hence a parametric representation of the envelope is 

(o) Xi ^ fzfs —fzfii Xi — fsfi —fiflt Xs — fifz — -/ifi. 

The corresponding representation of the given lines is 

(&) =/i(0, W2«/2(0 i Uz^fi{t). 

The method of line geometry can also be applied to (1). Here we start with 
the equations (&) and show directly that the corresponding point curve is 
represented by equations (o). 
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of lines can be represented by an equation (1) in which /i(0, / 2 ( 0 , 
/aCO are polynomials in L The equation can then be rewritten in the 
form 

(5) oot^ + ai + + Q£n_i < + ttn — 0, 

where 

oci = anXi + ai 2 X 2 + aisXs, (t = 0, 1, 2, • • • , n). 
If n = 1, equation (5) becomes 

ao ^ + ai = 0 

and represents a pencil of lines, provided the equations oo = 0, 
ai = 0 represent straight lines which are distinct. 

Consider, next, the quadratic family of lines 

(6) otoi^ “f" 2otit -j- otz — 0, 

where oo = 0, = 0, 0:2 = 0 represent lines which are not con- 
current. For a given point (aJi, X 2 i X 3 ), equation (6) is in general 
quadratic in L Hence there are in general two lines of the family 
which pass through a given point of the plane. Accordingly, it is 
reasonable to expect the envelope to be a point conic. If this is the 
case, the points of the envelope are the points for which the corre- 
sponding two lines of the family coincide, and the equation of the 
envelope is obtained by setting the discriminant of the quadratic equa- 
tion (6) equal to zero: 

(7) ai — CKo a2 = 0. 

The method is readily justified. Eliminating t from (6) and the 
equation obtained by differentiating (6) partially with respect to 
we obtain (7). 

In the case of a cubic family of lines, 

(8) ao + o£i a2t -j- as = 0, 

there are in general three lines through each point. The points at 
which at least two of these lines coincide are the points for which (8) 
has a multiple root, that is, the points for which the discriminant of 

(8) vanishes. These points actually constitute the envelope. For 
we know from algebra that (8) has a multiple root if and only if it and 
its derived equation, 

(9) 3 ao f® 2 ai i + 0£2 = 0, 

have a common root, and that the result of eliminating t from (8) and 
(9) is the discriminant of (8) equated to zero. But, by the method of 
analysis, the result of this elimination is the equation of the envelope. 
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Appealing to other sources for the discriminant of (8), we obtain 
as the equation of the envelope 

(10) 27 alocl — mal + Aaoal + 4a?Q;8 — 18aoQ:iQ'2a3 = 0. 

The extension of the method to the general case of the family 
defined by equation (5) is self-evident. 

EXERCISES 

In each of the following examples find the envelope of the line which moves 
subject to the conditions stated, obtaining its equation in line coordinates as 
well as its equation in point coordinates. 

1 . The sum of the intercepts on the axes is constant. First draw the graph, 
taking the constant equal to 4. 

2. The difference of the intercepts, taken in a definite order, is constant. 

3. The line always forms with the coordinate axes a triangle of given area. 

4. The sum of the intercepts is equal to their product. 

5. Two mutually peri^ndicular lines cut from the line a segment of given 
length. 

6. Find the envelope of each of the following families of lines: 

(a) xi^ — 2yt S = 0; (6) x cot t -f y tan ^ 4 = 0; 

(r) + 1 = 0. 

7. Show that the equation in line (joordinates of the circle with radius r 
and center in the point (a, 6) is 

{an + fcy + 1)2 == r^{u^ + v-). 

In the following problems find first the equation in line coordinates of the 
envelope. 

8. The sum of the squares of the distances from the line to two fixed points 
is constant. 

9. The previous exercise, if the difference of the squares, in a definite order, 
is assumed given. 

10. The product of the algebraic distances from the line to two fixed points 
is constant. Distinguish two cases, according as the two fixed points lie on 
the same, or opposite, sides of the line. 

11. The preceding problem, if the sum of the tw'o algebraic distances is 
taken as constant. 

5. Algebraic Curves. Point Curves. The locus of the points whose 
coordinates satisfy an equation of the form 

( 1 ) fixu xs) = 0 , 

where /(xi, x^) is a homogeneous polynomial in xx, X 2 , Xs with real 

coefficients, not all zero, is a real algebraic point curve. The degree n 
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of the polynomial is called the order of the curve. 

The algebraic point curves of orders one and two are the straight, 
lin^ and point conics. An algebraic point curve of order three may' 
have its equation written in the form 

(2) EEL ciiikXtXjXk = 0, 

i=»i 

where each two a*s with the same subscripts are equal. 

We shall assume that the point curve (1) is irreducible, that is, that 
the polynomial /(xi, X2, Xz) cannot be written as the product of two 
polynomials, neither of which is a constant. 

Theorem la. An algebraic point curve of order n is met in n points 
by every line. 

If r and 5 arc two distinct points of the line, the points a;=Xr+MS 
in which the line meets the curve (1) arc the points for which X, p 
satisfy the equation 

( 3 ) /(X ri P Si, X r 2 + /i S 2 , X r^ + m ^'3) ~ 0 . 

Since f(xi, a* 2, Xz) is of degree n in Ji, .r2, Xz, the left-hand side of this 
equation is a homogeneous polynomial in X, p of degree n.* If all the 
coefficients in this polynomial were zero, the curve would contain the 
line and hence be reducible. Therefore the line intersects the curve 
in n points. 

If r is a point of (1), X = 1 , p = 0 is a solution of ( 3 ) ; in other words, 
p is B. factor of the polynomial in ( 3 ). It is conceivable that a higher 
power of p than the first, say p^, is a factor of the polynomial. Then 
k of the n points in which the line meets (1) coincide in r and we say 
that the line meets (1) times in r. 

What is the locus of a point y which moves always so that the line deter* 
mined by it and a given point r of (1) meets (1) at least twice in rf 
The points x = r -\- py in which the line of r and y meets (1) are 
those for which p satisfies the polynomial equation 

( 4 ) F(p) ^ fixi A- pyi,r2 At P 2/2, rz p 2/3) = 0 . , 

The polynomial F{p) is precisely the Maclaurin development for 
F(py. 


F(m) = F(0) + F'(0)m + F"(0) + + Ff'CO) • 

z! nl 

* For example, for the cubic curve (2), equation (3) is 
1-3 1-3 1-3 1-3 

X* 2 a»,ifcnr,rjfc -f 3 X V ^ -f- 3 Xm^ S -f- 2 atjkSiSjSk - 0. 

lit lit m iit 
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Prom (4), 

3 

P(p) = /(*ii *3, !C»), P'{p) = E a:2, ®«)yi, 

«=>1 

1-3 1-3 

P"0i) = Z /<j (a^i, Xz)yiyj, F"'{n) = 52 i, x*, Xz)y(y{yk, 

ij ijk 

where 

- fi + M 2/1, a;2 = r2 + M 2 / 2 , Xs = rs + /i 2 / 3 , 

and 3 : 2 , Xs) denotea the first partial derivative of f{xij X 2 f Xa) with 
respect to Xij X 2 , Xz) the second partial derivative of /(xi, X 2 , Xg) 
with respect to x< and x/, and so forth. Hence 

P(0) = /(ri, rj, rs), F'(0) = 52 *•«. n)yi, 

<=1 

F"(0) = S /.-jCri, r,, F'"(0) = ^ /, 7 *(ri, rz, r3)yiy,y^. 

u ijt 

By hypothesis, /(ri, rj, rj) = 0. Thus the equation F(p.) = 0 becomes 

(5) 0 = /« T.fiiri, ri, r3)2/t + rt, n)y,7ji H + — FW(0), 

n\ 

and has /x = 0 as a root at least twice if and only if i/i, 2 / 2 , 2/8 satisfy 

(6) fi(ri, rj, rs) t/i +/ 2 (^i, ^ 2 , ^ 3 ) 2/2 +/8(^i, rz, rj) 2/3 = 0. 

This, then, is the equation of our locus. 

If the coefficients in (6) are all zero, the locus consists of all the 
points of the plane. In other words: Every line through a point r of 
(1) for which 

(7) /i(ri, ra, ra) = 0, /aCri, rj, rs) = 0, ^{ri, ra, rs) = 0 

meets {i) at least twice in r. A point of an algebraic point curve with 
this property is known as a singular point of the curve. 

If r is not a singular point, equation (6) represents a straight line 
which goes through the point r* Thus, there is just one line through 
a nonsingular point of an algebraic point curve which meets the curve at 
least twice in the point. This line we call the tangent to the curve at 
the point.f 

* Since the locus is that of all points which determine with r lines meeting 
(1) at least twice in r, it follows that all points on a line through r belong to 
the locus if one does. Hence the locus must in any case consist of lines 
through r. 

t We leave it to the reader to show that this special definition of a tangent 
oonforms to the general definition of § 2. 
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Thboseu 2 a. The equation of the tangent to the point curve (1) at 
the nonsingvlar point r is 

(8) ra, n)xi +/2(ri, rz, rz)x2 + Mri, rz, rz)xs = 0. 

Line Curves, A real algebraic line curye is the totality of lines whose 
coordinates satisfy an equation of the form 

(9) 0(wi, wz, u%) == 0, 

where 0 (wi, Wz, u^) is a homogeneous polynomial in Mj, Mz, Ws with 
real coefficients, not all zero. The degree m of the polynomial is 
called the class of the curve. 

Theorem 16. An irreducible algebraic line curve of class m has m 
lines in common with every point. 

If every point on a line L of the line curve has the property that, 
among the lines common to it and the curve, the line L counts at 
least twice, the line L is called a singular line. The line r of (9) is 
singular if and only if 

(10) <l)i{rx, rz, ra) = 0, <^> 2 (rl, rz, fa) = 0, ^aCri, rz, ra) = 0. 

There is a unique point on a nonsingular line of the line curve which 
has the property just described. It is defined as the contact point of 
the curve on the line. 

Theorem 2 b. The contact point of (9) on the nonsingular line r has 
the equation 

( 11 ) 0 i(ri, rz, rz)ui -f </> 2 (ri, rz, rs )?/2 -h Mri, rz, rs)us = 0 . 

Corresponding Point and Line Curves. If the line u is the tangent 
to the point curve ( 1 ) at the nonsingular point x, then 

(12) pUi = f\{xif Xz, Xa), P'M '2 ~ x^a), pUs = / 3 (xi, Xz, Xa), 

(13) UiXi + U 2 X 2 + ^ 3 X 3 = 0. 

Suppose, conversely, that a line u is given for which the point x exists 
so that the x's and u's satisfy ( 12 ) and (13). Substituting the values 
of Wi, U 2 t U 3 from (12) into (13), we have 

(14) xi/i(xi, Xz, Xa) + X 2 / 2 (xi, Xz, X 3 ) 4 - Xzfzixi, Xz, Xa) = 0. 

By Euler’s Theorem * 

(15) Xi/i(xi, Xz, Xs) + X 2 / 2 (xi, Xz, Xa) -f XifsiXi, Xz, Xa) *= w/(Xi, Xz, Xa). 
* See Osgood, Advanced CcdculuSj p. 122. 
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Hence 

f(xi, X 2 t Xi) = 0, 

and the point x lies on (1). Equations (12) then say that this point 
a; is a nonsinguhir point of (1) and that the line u is the tangent at it. 

Theorem 3 a. A necessary and sufficient condition that the line u he 
a tangent to the point curve (1) is that the point x exist so that the u^s and 
x*s satisfy equations (12) arid (13). 

Suppose that we eliminate xij X 2 , X 3 from (12) and (13). The result 
is an equation in Ui, W 2 , U 3 which, since (12) and (13) are algebraic 
equations, can be reduced to the form 

( 16 ) U 2 , Us) = 0 , 

where </> is a homogeneous polynomial in ui, us, Us. 

Equation (16) rei)rcsents the line curve corresi)onding to the point 
curve (1). For, it folh'ws from Th. 3 a that the coordinates of the 
tangents at the nonsingiilar points of (1) satisfy (16), and it is a fact, 
the proof of which need not concern us here, that the lines whose 
coordinates satisfy (16) are, with certain well-warranted exceptions,* 
precisely these tangents. 

Theorem 4 a. The line curve corresponding to the algebraic point 
curve (1) is algebraic. Its equation is obtained by eliminating Xi, X 2 , Xs 
from equations (12) and (13). 

The duals of Theorems 3 a and 4 a we leave to the reader. 

If an algebraic point curve and an algebraic line curve 

(17) /(xi, J2, xs) = 0, <#>(wi, U2, Us) = 0 

are so related tliat one corresponds to the other, then, by our funda- 
mental theorem, the second corresponds to the first. We call the 
two curves, taken together, ' algebraic curve and refer to equations 

(17) as its equations in point coordinates and line coordinates, re- 
spectively. The degree of the first equation is the order of the alge- 
braic curve, and that of the second, the class. 

We state without proof that, if an algebraic curve of order n has no 
singular points, its class is 

(18) m = n(n — 1). 

If singular points are present, the class is reduced. For example, a 
nondegenerate conic is of order 2 and has no singular points; hence 

* The tangents to (1) at the singular points of (1); see § 6. 
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hy (18) its class should be 2, as is actually the case. Again, an alge- 
braic curve of order 3 without singular points is of class 6; if the curve 
has singular points, its class is cither 4 or 3; see § 6. 

Example, For the curve of the third order * 

+ ici + ^5 = 0, 

/i = 3 xl /2 = 3 xl, /s = 3 xl 

Since these partial derivatives vanish simul- 
taneously only when Xi = 0, X 2 = 0, Xs = 0, the 
curve has no singular points. Its class is, there- 
fore, 6. 

Equations (12) become here, on taking p = 3, 
xl = Wi, xl = ^ 2 , ^3 = Us. 

Substituting the values of a^i, X 2 j Xs obtained from 
these equations into (13), we find as the equation of the curve in line 
coordinates 

± ± nr ± = 0 , 

or, in rational form, 

Ui “b Uz "b Vz 2 ttlwl — 2 nlnl — 2 iiiul — 0. 



Nonhomogcneoxis Eqnaiions of Algebraic Curven. The equation of 
tlie curve (1) in iionhomogeneous coordinates is 

(19) F(x, y) = 0, 
where 

(20) /(xj, X 2 j xf) ^ Xz Fix^jxz, Xzlxf). 

We exclude the points of the curve on Xz = 0. 

Since, from (20), 

/i = xr'F., /2= xr^Fy, 
fz = n Xz~^ F{x, y) -> xz~^ (xi F ^ X2 Fy), 


the singular points of (19) are the points of (19) for which 
Fx(x, y) = 0, Fy{x, y) = 0. 


At a nonsingular point, 
(21) 2/' 


^'xCr, y) ^ 
dx Fy{x, y) 


* Fig. 5 shows the curve in the metric plane. 



218 


HIGHER GEOMETRY 


If {xo, yo) is a nonsingular point of (19), not both F*(xo, yo) and 
fyixoj yo) are zero. Assume, for example, that Vo) ^ 0.* The 

equation F(Xf y) = 0 then defines y as a function of x, 

( 22 ) y = fix), 

in a neighborhood of (xo, yo). This function is single- valued and 
analytic and its first derivative is given by (21), where it is understood 
that the y in Fx{x, y) and Fy(x, y) is the y of (22). f 

Thus, a piece of the curve (19) in the neighborhood of a nonsingular 
point can be represented by an equation of the form employed in the 
opening paragraphs of the chapter. Hence our previous develop- 
ments arc perfectly general, applying as well to the case of a curve 
represented by an equation defining y implicitly as a function of x as 
in the simpler case where y is defined explicitly as a function of x. 
In particular, it follows that our proof of the fundamental theorem is 
as valid in the one case as in the other. 

EXERCISES 

In each of the following exercises, find the equation of the given curve in the 
opposite kind of coordinates. Give the order and the class of the curve. 

1. x^xo = 2. 4ui® + = 0. 

3 , X* = 7 /*. 4 . V — u*. 

5. Apply the results of this section to point conics and line conics, showing 
that they reduce to those of Ch. XII. 

6. Singular Points and Singular Lines of Algebraic Curves. Sup- 
pose that the algebraic curve 

(1) fixi, X2, xs) = 0, 

has the singular point r; 

(2) /i(ri, ra, ra) = 0, hiru^r^, r^) = 0, ^(ri, rz, r*) = O.J 

The points x = r + M 2/ in which the line of r and an arbitrary point y 
meets the curve are, according to § 5, the points for which is a root 
of the equation 

0 = ^ 'Lfaify, rx, rz)yiyj + |-j rz)yiy,-yt. + ^ F'“<(0). 

* If Fy{xo, ^o) = 0, think of x and y as interchanged in the argument which 
follows. 

t This is the Implicit Function Theorem of Analysis; see Osgood, Lehrhuch 
der Funktionentheorie, 5th edition, p. 421; Advanced Calculus^ p. 132. 

t It is not necessary to add the equation /(ri, r*, r») =» 0, for this equation 
follows from (2) by virtue of Euler’s Theorem. 
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Hence the locus of the points y such that the line meets the curve at 
least tiiree times in r has the equation 

( 3 ) TJiAn, Ti, rt)yi)ji = 0 . 

In case the coefficients in this equation are not all zero, we shall 
call the point r a simple singular point. The locus (3) is then a conic 
which, by the nature of our problem, consists of two straight lines 
through r* 

There are just two lines through a simple singular 
point of an algebraic curve which meet the curve at least 
three times in the point. These two lines are known 
as the tangents to the curve at the point. 

According as the two tangents at a simple singular 
point are distinct or coincident, the point is called a 
double poirU or a cusp. The familiar curve of Fig. 6, 

(4) x\ - xlxs =0 (t/ - X®), 

has a cusp at the point (0, 0, 1), whereas the curve of Fig. 7, 

(5) Xi + xiX8 ~ xIps =0 ( 2/® = X* + X®), 

has a double point at (0, 0, 1). 

If the values of the second partial derivatives of f(xi, X2, X3) for 
the point r — the coefficients in (3) — are all zero, but the values of the 

third partial derivatives for r are not 
all zero, every line through r will 
meet the curve at least three times 
in r and there will be just three lines 
® which meet it four times in r. These 
three lines, which are of course not 
necessarily distinct, we call the tan- 
gents at r. In general, if the partial 
derivatives of /(xi, X2, X3) of orders 
1, 2, • • • , ^ — 1, where 2, are all 
zero for the point r, but the kth partial 
derivatives do not all vanish for r, there will be k lines which we can 
justly call tangents at r. The point r is then known as a k~fold 
singular pointy or a singular point of multiplicity k. 

The facts concerning singular lines are similar. A line r is a &-foM 

* See the first footnote on p. 214. 
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singular line of ^(wi, Uz) = 0 if the partial derivatives of Uz) 

of orders 1,2, • • • , A; — 1, where k ^2, all vanish for r, whereas the 
A:th partial derivatives are not all zero 
for r. Every point of the line r has, then, 
the property that among the lines common 
to it and the curve the line r counts at least 
k times, and there are just k points on r 
each of which has the property that it has 
the line r at least A* -f 1 times in common 
with the curve. These k points are called 
the contact points of the curve on the singu- 
lar line. 

We are primarily interested in the case A; = 2 of a simple singular 
line. According as the two contact points in this case are distinct or 
coincident, the singular line is known as a double tangent or an injiec- 
tional tangent. The curve of Fig. 8, 



Fig. 8 


(6) 4 ul + 27 U 2 ul =0 (?/ = x3), 

has the line Xa = 0 (the axis of x) as* an inflec- 
tional tangent, and the curve of Fig. 9, 

(7) “h u^U'i — iinUz 0, 

has the same line as a double tangent. 

Comparison of the simple singular lines 
with the simple singular points shows that a 
double point and a double tangent are dual 
and that a cusp and an inflectional tangent 
are dual. 

At the cusp in Fig. 6, the point tracing the curve turns on itself and 
proceeds in the opposite direction. On the inflectional tangent in 
Fig. 8, the line enveloping the curve ceases to rotate in one direction 
and begins rotating in the opposite direction. As a matter of fact, 
the contact point on an inflectional tangent is a so-called point of 
inflect ion j and conversely.* 

Plueckcr^s Equations. Let n and v be the order and class, d and 5 
the number of double points and double tangents, and r and p the 

* A complete discussion of this question would lead us too far afield. It 
suffices to note that equations (5) of § 3 show that the tangent at a point of 
inflection is a singular line, and the subsequent critique guarantees that the 
point of inflection is a contact point on this line. 



Fig. 9 
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number of cusps and inflectional tangents of an irreducible algebraic 
curve with only simple singular points and simple singular lines. 
Then two of the four famous equations of Pluecker read 

(8 a) V = n{7i — 1) — 2 d — 3 r, 

(8 6) n = — 1) — 2 5 — 3 p. 

From these and the two remaining equations * may be deduced 
the equality of the two expressions, 

. , p = i(n - l)(n. -2) -d-r, 

p = - l)(i' - 2) — 5 - p. 

Since it can be shown further that the common value, p, can never be 
negative, it follows that the maximum values of the numbers, d + r 
and 5 + p, of the singular points and singular lines are, respectively, 

(10) |(n - l)(n - 2), - l)(v - 2). 

Thus a curve of order (class) 3 can have at most one singular point 
(line), and a curve of order (class) 4 has at most three singular points 
(lines). 

Since the integer p is the difference between the maximum possible 
number and the actual number of singular points, or singular lines, 
it is frequently called the deficiency of the curve. An equally common 
name for it is the genus. It is evident that a curve is of genus zero 
only when it has the maximum number of singular points and singular 
lines. A nondegenerate conic is, for example, a curve of genus zero. 

Example 1. The curve of Fig. 6; 

(4) / = — Az - 0. 

Since n = 3, there is at most one singular point. This is readily found 
to be at the cusp (0, 0, 1) with X 2 = 0 as tangent. Thus n = 3, 
= 0, r = 1. Hence, by (8 a), i' = 3. But then (8 b) becomes 
2 6 + 3 p = 3, whence 5 = 0, p = 1. Our curve is therefore of class 3 
and has one inflectional tangent. As a matter of fact, the equation of 
the curve in line coordinates is 

4> = 4 Ui ^ 27 uluz —0, 

* Namely, 

p — 3 n(n — 2) — 6 d — 8 r, 
r = 3t'(y — 2) — 6 a — 8 p. 
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and it is easily shown that (0, 0, 1) is an inflectional tangent with 
contact point ih = 0* The curve is of genus zero. 

Example 2. The curve of Fig. 9: 

(7) <l> = ui + uiih — y^ut = 0. 

This curve of the third class has, as its only singular line, the double 
tangent (0, 1, 0) with the contact points Ui dt = 0. Since y = 3, 
5 = 1, p = 0, it follows that the curve is of the fourth order. Hence 
we have, from (8a), 2 d + 3 r = 9. Inasmuch as w = 4, there can be 
at most three singular points and therefore the curve has three cusps 
and no double points. The genus is zero. 

The equation of the curve in point coordinates is found to be 

4: Xi — 4 ^ 1 X 2 — (8 Xi — 36 X 1 X 2 d" 27 xl) xl “h 4 xs = 0, 
or 27 7 / + 4 x(x2 - 9)y - 4 (x* - 1)* = 0. 

Of the three cusps, one is (in the metric plane) at the point at infinity 
in the direction of the 7^-axis, with the line at infinity as cuspidal 
tangent. The other two are imaginary and are situated in the points 

( 9 , 8, ± 3 V 3 i). 

EXERCISES 

1 . Prove in detail the properties of the curve of Example 1 of the text. 

2. The same for the curve of Example 2. 

3. The curve of order thr(‘e in the example in the text of § 5, namely 


Xi» -f X2® + x/ = 0, 

has no singular points. Show that it has as singular lines the nine inflectional 
tangents with the contact points 


( 1, 

- 1, 

0), 

( 

-1, 

0), 

( 

-1, 

0), 

(-1. 

0, 

1), 

(-1, 

0, 

“)> 

(- 1, 

0, 


( 0, 

h 

-1). 

( 0, 

• "t 

-1), 

( 0, 


-1), 


where w is an imaginary cube root of unity. 


Prove that these nine points of inflection lie by threes on twelve lines, and 
that a line determined by two points of inflection always contains a third. 
The diagram for the evaluation of a three-rowed determinant will be found of 
value in picturing schematically the nine points and twelve lines. 

4 . Find the singular points and singular lines of the hypocycloid of four 
cusps: 

+ 7^ = a*u*t;* or (x* + 2 /» - a*)* -|- 27a*xV * 0. 

Ans. Six cusps: (± o, 0), (0, ± o), and the circular points at infinity; four 

* In the metric plane the line at infinity is the inflectional tangent and the 
contact point on it is in the direction of the y-axis. 
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double points: ai^ rb at), (± at, =F at); three double tangents: the two 

axes and the line at infinity. 

5. Show that the curve 

2/* = x* — X® 

has an isolated double pointy that is, a real double point at which the tangents 
are imaginary. Plot the curve in the metric plane. 

Exhibit a curve with an isolated double tangent. 

7. Unicursal Curves. The curve of the third order of Fig. 7, 

(1) 2/® = X® + X®, 

is cut by the line, 

(2) ?/ = t X, 

through its double point O in just one point Pother than 0, provided the 
line is not one of the two tangents at O. In these two cases, the point 
P comes into coincidence with O, Consequently, if we agree to think 
of the double point as two superimposed points, one corresponding to 
each of the two tangents, there is established a perfect one-to-one 
correspondence between the points of the curve and the lines of the 
pencil at 0. The equations of the correspondence are obtained by 
solving equations (1) and (2) for the coordinates (x, y) of P in terms 
of the parameter t of the pencil. We thus get, as a parametric rei)re- 
sentation of the points of tlie curve,* 

X = — 1, y = — t. 

The corresponding parametric representation of the lines of the 
curve is readily found to bo 

_ 3 <® - 1 _ 2 ^ 

“ “ - 1 )« ’ *'(/*- 1 ? ' 

There is, in this case, a perfect one-to-one correspondence between the 
points of the curve and the tangents to the curve.f Hence these 
equations establish a perfect one-to-one correspondence between the 
tangents and the values of the parameter t (including i = oo ). 
Suppose now that the equations 

Xi = ^i(0 = Got'* H- ai^'i + • • • + On, 

(3) X2 = ^ 2(0 = W" + + • • • + bn, 

Xs = ^s(0 = + .. • + c«, 

* To obtain the point at infinity (0, 1, 0) on the curve, t must be allowed 
to become infinite. 

t The curve has no double tangents, only infiectional tangents. If a double 
tangent had been present, we should have found it necessary to think of it as 
two superimposed tangents, one corresponding to each of the contact points 
OB it. 
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where the a*8, b% c^s are real constants and a©, 6o, c# are not all zero, 
establish between the values of the complex parameter t (inclusive of 
t = ao) and the points (-ri, Xs) of an irreducible algebraic curve a 
pfjrfcct uiie-to-orie correspondence, provided only that each singular 
point is replaced by the proper number of superimposed points. 
There is, then, a similar one-to-one correspondence between the 
tangents to the curve and the values of L The equations of this cor- 
respondence arc the parametric equations for (uiy U2, Ui) correspondinr 
to equations (3), namely,* 

(4) 111 = ^2^3 — ^3^2, Ui = ^3^1 — ^1^3, U3 = ^pl^l^2 — ^2^1. 

An algebraic curve of this t^qje is called unicursal or rational. 

The order of the unicursal curve (3) is n. For, it meets an arbitrary 
line (djx) == 0 in the n points which correspond to the n values of t 
which are the roots of the i)ol3’^iiomial equation 

~\- dzyp2{t) + dai/'sCO = 0. 

Similar reasoning, applied to (4), would indicate that the class of the 
curve is n + (n — 1) or 2 r? — 1. This is, however, not the case, for 
the coefficients of the terms of degree 2 — 1 in the polynomials in 

(4) all vanish. The coefficients of the terms of degree 2n — 2 are 
found to be 

biCQ — hoCif CiQq — Cottif aibo — Uo^i* 

These coefficients arc not, in general, all zero and the class of the curve 
is, then, 

r = 2 (n - 1). 

An algel>raic curve has in general at most double points. Restrict- 
ing ourselves to this case and substituting n = n, j' = 2 (n — 1), 
r — 0, in 

V = n(n — 1)— 2d — 3 r, 

we find that 

, (n - l)(n - 2) 
d 2 

Thus the curve has the maximum number of double points, and is 
therefore of genus zero. 

This result is always valid. Every unicursal curve is of genus zero. 
Moreover it is true, conversely, that every euwe of genus zero is uni- 
cursal. 

The most important unicursal curves for our purposes are the non- 
degenerate conics. 

* See last footnote on p. 210; also Ex. 5. 



POINT CURVES AND LINE CURVES 


226 


EXERCISES 

1. Employing the method used to treat the cubic curve (1), establish para« 
metric representations of the following nondegenerate conics; 

(а) — 2mx; (c) j/* = a:* — 3x + 2; 

(б) xi* + X2® - xa® = 0; (d) Za,jX,Xj = 0. 

2. Find the equations of the conics defined by the following parametric 
representations : 

(a) 1/1 = 2/- 1, 1/2 = /" + 1, 'W3 = /*-!; 

(fe) xi= + i I, X2 = /*-/ + 1, xa = _ 1. 

3. The eciuations Xi = x« = Xs 1 evidently constitute a parametric 
representation of the conic = xiXs. But, for them, n = 4. E]xplain the 
paradox. Why was it not met with in the text.? 

4. Show that the curve of lig. 0 is unicursal and establish for it a rational 
parame tr i c repr sen tation . 

5. Prove directly that the coordinates of the tangent to the curve (3) at 
the point x are given by (4). 

Suggestion. Find the equatioD of the tangent as the limit of the secant, 
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PROJECTIVE, AFFINE, AND METRIC PROPERTIES OF CONICS 

1. Projective Properties. Conjugate Points and Lines. An arbi- 
trary nondegenerate conic is represented by the equations 

(1) ^ I ^*7 I = 0, j hij ) 7*^ Of 

where 

b{j = A if or dif = ^tff 

according as the first or the second of the two equations is the one initi- 
ally given. 

Two points r and s are said to be conjugate to one another with respect 
to the nondegenerate conic (1) if 

(2 a) Y,aijr^Sj =0 or Y,afj,%rf = 0. 

It should be recalled that, since a^f = Y^aijr^Sf = 

If one of the two points, say r, lies on the conic, the otlier, s, lies on 
the tangent at r; for the condition that s lie on the tangent at r is 
precisely (2 a). 

Suppose that neither r nor s lies on the conic. The points of inter- 
section of their line with the conic are 

(3) x' - r + p'Sf x" = r + 

where fi' and p*' are the roots of the quadratic equation 

Recalling that the sum of the roots of the equation a + bp+cp^=0 
is zero when and only when 6 = 0, we conclude that r and s are con- 
jugate if and only if 

p'+p" = 0f 

and hence if and only if r and s are separated harmonically by the 
points (3). 

Theorem 1 a. Two points^ neither of which lies on the conicj are 
conjugate if and only if they separate harmonically the intersections of their 
line with the conic, Txvo points, the first of which is on the conic, are 
conjugate when and only when the second lies on the tangent at the first, 
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Consider a secant of the conic, that is, any line which is not a tangent. 
The points of the secant are conjugate in pairs, inasmuch as they 
separate harmonically in pairs the points in which the secant intersects 
the conic. Hence; 

Theorem 2 a. The pairs of conjugate points on a secant form an 
involution whose double points are the intersections of the secant with 
the conic. 

What can be said about the pairs of conjugate points on a tangent? 

Conjugate Lines, The two lines r and s are conjugate with respect 
to the nondegenerate conic (1) if and only if 

(2 h) =0 or YibijS^rj = 0. 

The following Theorems, dual to Theorems 1 a and 2 a, we leave to 
the reader to demonstrate. 

Theorem 1 b. Two lines, neither of which is a tangent to the conic, 
are conjugate if and only if they separate harmonically the tangents to the 
conic drawn from their point of intersection. Two lines, the first of which 
is a tangent, are conjugate when and only when the second passes through 
the point of contact of the first. 

Theorem 2 b. The pairs of conjugate lines through a point which is 
not on the conic form an involution whose double lines are the tangents 
drawn from the point. 

EXERCISES 

1. Prove Theorem 1 b. 2. Prove Theorem 2 6. 

3. Show that a point is conjugate to itself with respect to the conic if and 
only if it lies on the conic. State the dual. 

2. Poles and Polars. We continue our study of the projective 
properties of the nondegenerate conic 

(1) X^aijXiXj = 0, I oy I ^ 0; 0, 

where, as before, bij = A;/ or aij = R,/ according to which of the equa- 
tions is the first one given. ^ 

The theory of poles and polars can be based either on the theory of 
conjugate points or on that of conjugate lines. 

Based on Conjugate Points. Let a point r be given. An arbitrary 
point X is conjugate to r with respect to the conic (1) if and only if 

(2 a) Y,a,i,riXi = 
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Thus, the locus of the points conjugate to a given point P with re- 
spect to a non degenerate conic is a line L. The line L is called the 
polar of the point P with respect to the conic. 

Theorem 1 a. The polar of the point r with respect to the conic (1) is 
the line (2 a). 

If P is on the conic, the polar of P is the tangent at P. If P is not on 
the conic, two points which are conjugate to P and hence determine 
the polar of P are the points of contact of the tangents from P to 
the conic. 

Theorem 2 a. The polar of a point not on the conic is the secant join- 
ing the points of contact of the tangents from the 
point. The polar of a point on the conic is the 
tangent at the point. 

If a line L is given, there is a unique point P 
which has L as its polar. For, if L is a tangent, 
P must be the point of contact of L, and if L is 
a secant, P must be the point of intersection 
of the tangents at the points in which L meets 
the conic. 

The point P whose polar is a given line L is called the pole of L. Hence : 

Theorem 3 a. The pole of a secant is the point of intersection of the 
tangents at the points in which the secant meets the conic. The pole of a 
tangent is the point of tangency. 



Based on Conjugate Lines. The line u is conjugate to the fixed line 
r if and only if 

(2 h) X^bijTiUj == 0. 

Hence tlie envelope of the lines conjugate to a given line L with 
respect to a nondegenerate conie is a point P. The point P is called the 
pole of the line L with respect to the conic. 

Theorem 1 h. The pole of the line r tvith respect to the conic (1) is 
the point (2 6). 

If L is a tangent, the pole of L is the point of contact of L. If L is a 
secant, two lines which are conjugate to L and hence determine the 
pole of L are the tangents at the points in which L meets the conic. 
Hence: 

Theorem 2 6. The same as Theorem 3 a. 

If a point P is given, there is a unique line L whose pole is P. The 
line L is defined as the polar of P. 
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We leave the proof to the reader. He will thereby establish 
Theorem 3 b. The same as Theorem 2 a. 


It is clear that the two developments of poles and polars are, in effect, 
identical. As an immediate consequence of them, we have the theorem : 

Theorem 4. A 'point lies on its polar 'if and only if it is on the conic. 
A line contains its pole if and only if it is tangent to the conic. 

Further Properties of Poles and Polars. Let Pi and P2 be two points. 
If Pi lies on the polar of P2, Pi is conjugate to P2. Hence P2 is conju- 
gate to Pi and therefore lies on the polar of Pi. 

Theorem 5. If Pi lies on the polar of P2, P2 
lies on the polar of Pi. If Li goes through the 
pole of L2, L2 goes through the pole of Lu 

Let L be the line joining Pi and P2, and let 
P be its pole. Since Pi and P2 lie on the polar 
L of P, P lies on the polars of Pi and P2 and 
hence is their point of intersection. 

Theorem 6. The pole of the line joining two points is the point of 
intersection of the polars of the two points. The polar of the point of 
intersection of two lines is the line jo'ining the poles of the two lines. 



The following theorems can now be readily deduced. 

Theorem 7. If a number of points lie on a line, therr polars all go 
through a point, the pole of the line. If a nimiher of lines go through a 
point, their pules all lie on a. line, the polar of the point. 


Theorem cS. The polars of the 
points of a range are the lines of a 
pencil. The poles of the lines of a 
pencil are the points of a range. 

Constructions. To construct the 

polar of a point P, n(;t on the conic, 
draw through P two lines a/b meeting 
the conic in four points. Join these 
points in the remaining possible ways, 
and denote by Q and R the new points 
of intersection of the lines drawn. The 
line QR is then the polar of P. For, since in the complete quadri- 
lateral abed the set of lines at R is harmonic, the sets of points on 



Fig. 
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a and h are harmonic; therefore the points A and B are conjugate to 
P and the line joining them is the polar of P. 

Once the polar L of P has been found, the tangents from P can be 
constructed as the lines which join P to the points in which L intersects 
the conic. This is the simplest construction known for the tangents 
from an external point to a conic. 

To construct the pole of a line L, think of L as determined by two 
points Pi, P2 which lie on it but not on the conic. The pole of L will 
be the point of intersection of the polars of Pj and P2. 

EXERCISES 

1- Prove geometrically and analytically that two lines are conjugate if and 
only if each contains the pole of the other. 

2. Prove the first half of Theorem 5 analytically and the second half geo- 
metrically. 

3. Prove the second half of Theorem 6. 

4. Establish Theorems 7 and 8. 

5. Find the pole of the line (2, — 3, 1) with respect to the conic 

3 wd — 2 -h 4 UiU% — 2 uiu% + U\U2 = 0. 

6. Find the polar of the point (5, 1, 2) with respect to the conic of Ex. 5 
without finding the equation of the conic in point coordinates 

7. Carry through the construction for the pole of a secant. 

8. Construct as simply as possible the tangent to a conic at a given point 
on the conic. 

9. The same for the contact point of a conic on a given tangent. 

10. Prove geometrically that, if a colliiieation carries a nondegenerate conic 
Q into a conic Q', it carries conjugate points (lines) with respect to Q into 
conjugate points (lines) with respect to Q', and a point and line which are pole 
and pwlar with respect to Q into a point and a line which are pole and polar 
with respect to Q\ 

3. Involutory Correlations. The polar of the point x with respect 
to the nondegenerate conic 

(1) 0, Oiy = Ujf, 5*^ 0, 

has the equation 

3 3 3 

Xi “f" X 2 “h Ys — 0| 

i- 1 /-I 1 

and hence the coordinates 

333 

pMi = PMj = HfhjXi, piij = 

y-i ^-1 
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Thus, the transformation of a point x into its polar u with respect to 
the conic (1) is the correlation 

3 

<2) pUi^J^aijXj, (t=l, 2, 3), o,7=oy<, lo,-,! 0. 

Conversely, every correlation of the form (2), that is, every correlation 
for which ai/ = ay,*, is a transformation of pole into polar with respect 
to a nondegenerate conic (1). 

The correlation (2) is involutory. For this is true of the equivalent 
transformation of pole into polar; the pole of the polar of a point is the 
point itself. 

On the other hand, the general correlation 

3 

pu'i = Za.;X,-, (t = 1, 2, 3), I a,-, ! 0 

is involutory, that is, identical with its inverse, 

3 

<TUi = ajix'j, (i = 1, 2, 3), 

y =» 1 

if and only if 

ttij = k Ojif ih j “ 2, 3). 

But then 

Cji = k a,'y, {iyj = 1, 2, 3). 

Hence 

(k^ - l)a,y= 0, 1,2,3), 

and 

k^ = 1 . 

If A; = — 1, we have a,/ = — ay,* and hence, by Ch. I, § 6, Ex. 4, 
|a,y| = 0, — a contradiction. There remains only the case A; = 1, 
and this gives rise to the special correlations (2). 

Theorem 1. The tramsformations of pole into polar with respect to 
nondegenerate conics are identical with the involutory correlations of the 
plane. 

EXERCISES 

1. Using only the fact that the transformation of pole into polar is an 
involutory correlation, prove Theorems 5-8 of § 2. 

2. Show that the polars of the vertices and the poles of the sides of a triangle 
are respectively the sides and vertices of a new triangle. The two triangles 
are known as conjugate or polar triangles with respect to the given conic. 

4. Self-Conjugate Triangles. Projective Classification of Conics. 

A triangle is said to be self-conjugate with respect to a nondegenerate 
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conic if each vertex and the opposite side are pole and polar with respect 
to the conic. ‘ 


If the polar of a vertex of a triangle is the 
opposite side, the vertex is conjugate to each 
of the other two vertices, and conversely. 
Dually, the pole of a side of a triangle is the 
opposite vertex if and only if the side is conju- 
gate to each of the other two sides. 

Theorem 1. A necessary and sufficient con-- 
dition that a triangle he self-conjugate with re- 
spect to a given nondegenerate conic is that each two vertices he conjugate 
points with respect to the conic, or that each two sides he conjugate lines 
with respect to the conic. 



The theorem implies the existence of infinitely many triangles self- 
conjugate with respect to the given conic. As a first vertex, Ai, may 
be taken any point not on the conic, and as the other two vertices, 
At and A 3, any pair of distinct conjugate points on the polar of Ai. 


Reduction of the Equation of a Conic to Normal Form, Let the 
equation in point coordinates of a nondegenerate conic be 

(1) ^^aijXiXj = 0, aij == Oji, |^ty| ^ fl* 

Let A1A2A3 be a real triangle self-conjugate with respect to the conic. 
Introduce new projective coordinates a:!, ^2, At referred to A1A2.43 as 
the new triangle of reference. Inasmuch as the transformation from 
the old to the new coordinates is linear, the equation of the conic in 
the new coordinates is of the form 

( 2 ) Jj^aijXix'j = Oy aii=ajiy \aij\ 9 ^ 0, 

Since the points A], A 2, As are conjugate in pairs with respect to the 
conic, the new coordinates of each two of them satisfy the condition 

= 0 . 

It follows in the case of Ai: (1, 0, 0) and A2: (0, 1, 0) that an = Ai = 0. 
Similarly, a23 = a32 = 0, and a3i = al3 = 0. Thus equation (2) becomes 

/rt\ / f /2 I / /2 9 9 f ^ 

(u) “h 022^2 "r ^33^3 — 0. CljCl22fl33 ^ 

Two cases now arise. If an, a22, <233 are all of the same sign, they 
may be assumed all positive. Then a second change of coordinates, 
defined by the linear transformation, 

(4 a) pxi = Va'iixl, pxi = px\ = Va'asXs, 
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reduces (3) to 

(o (1) xi + X2 + 3:3 = 0. 

If ail, < 122 , ttss are not all of the same sign, we may assume, without 
loss of generality, that aii and a 22 are positive and aia negative.* The 
transformation of coordinates, 

(4 6) = Vana;!, pX2 = ^( 122 X 2 , pxz = y—assXsy 

is then real and reduces (3) to 

(5 6) Xi + X 2 “ a-a =0. 

It is evident from (5 6) and (5 a) that the two cases arise according as 
the given conic has, or has not, real jwints. 

Theorem 2. By a change of projective coordinates the equation in 
point coordinates of a nondegencrate conic is reducible to 

(6) a^i -j- a ’2 ~\~ x\ = 0 or a’l 4- ^'2 — xt = 0, 
according as the conic has not^ or has, a real trace. 

Corollary. The corresponding equations in line coordinates are 

(7) 'iH “1“ 'W 2 "I” ul =0, v\ — U 2 = 0. 

The transformation of coordinates which reduces equation (1) 
directly to the normal form (5 a) or (5 6) is the product of the trans- 
formation from the coordinates x to the coordinates x' and the trans- 
formation (4 a) or (4 h). The first of these transformations introduces 
the chosen self-conjugate triangle as the triangle of reference; the 
second preserves this triangle of reference and associates with it a 
particular point as unit point; see Ch. X, § 2, Ex. 4. 

Thus far we have thought of the linear transformation which carries 
the equation (1) of a conic without a real trace into the equation (5 a) 
as a change of coordinates. We can equally well think of it as a 
collineation which carries the conic (1) into the new conic (5 a). Hence, 
an arbitrarily chosen conic without a real trace can be carried by a 
collineation into the particular conic (j;|x) = 0, and vice versa. 

It follows that, if two conics without real traces are given, there 
exists a collineation which carries the first conic into (a;| a;) = 0, a second 

* We assume two of the three coefficients in (3) positive. If the third, or 
negative, coefficient is not that of , it can be made to be by renaming the 
vertices of the self-conjugate triangle. 
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vJoUineation which carries (x\x) = 0 into the second conic, and hence 
a collineation which carries the first conic into the second. 

Since each of the two conics can be carried by a collineation into 
the other, each of them has the same projective properties as the other. 
Consequently, to ascertain the projective characteristics of all the 
conics without real traces, we need only to know those of one. In other 
words, there is in projective geometry only one type of conic without a 
real trace. 

The foregoing arguments apply equally well to the conics with real 
traces. Hence: 

Theorem 3. There are only two types of nondegenerate conics in the 
projective plane, those with real traces and those withoui real traces. 

We remind the reader that we are dealing with real conics with 
respect to the group of real collineations. The facts are still simpler in 
the case of complex conics, treated with respect to complex collinea- 
tions; see Ex. 7. 

The Concept of Equivalence. The foregoing discussion can be clari- 
fied by the introduction of the important geometric concept known as 
equivalence. 

Definition. Two geometric configurations are said to he equivalent 
with respect to a certain group of transformations if there exists a trans- 
formation of the group which carries the one configuration into the other. 

Our results, stated in terms of this concept, are as follows. 

Theorem 4, Each two real nondegeneratc conics with real traces (or 
without real traces) are equivalent with respect to the group of real col- 
lineations. 

EXERCISES 

1. Show that the triangle with vertices in the points (0, 1, 1), (1, 0, 1), 
(1, 1, 0) is self-conjugate with respect to the conic 

Xi^ 4- + ^3* + 2 X 2 Xi 4* 2 X 3 X 1 — 6 XiX 2 = 0. 

2. Reduce the equation of the conic in Ex. 1 to normal form by introducing 
the triangle as new triangle of reference. Leave the unit point the same. 

3. Determine a triangle which is self-conjugate with respect to the conic 

2 ui ^ — 4- W3® — 2 U1U2 — 4 U2U3 — 0 

ind has the line (1,2, — 1) as one of its sides. 

4 . Prove directly that the equation in line coordinates of a nondegenerate 
conic can be reduced to one of the forms (7). 

5. Show that the equation in point coordinates of a nondegenerate conic 
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with a real trace can always be reduced, by a proper change of projective 
coordinates, to the form 

X2X2 + XiZi + TiXt « 0 . 

Begin by introducing as the new triangle of reference a triangle which is 
inscribed in the conic. 

6. State and prove the dual of the theorem of the preceding exercise. 

7. Prove that each two complex nondegenerate conics are equivalent with 
respect to the group of complex collineations, that is, that there is only one 
type of nondegenerate conic in complex projective geometry. 

5. Affine Properties of Conics. Affine properties of a conic deal 
with the relationship of the conic to the fixed line, or line at infinity, of 
affine geometry. 

Definition. A nondegenerate conic which is tangent to the fixed line 
is a 'parabola, A nondegenerate conic which intersects the fixed line in 
two distinct points is a hyperbola or an ellipse according as the points are 
real or conjugate-imaginary. 

By a center of a nondegenerate conic is meant a point in which the 
conic is symmetric, that is, a point which is midway between the two 
intersections of every line through it with the conic. In other words, a 
center is a finite point which is conjugate to every point at infinity. 
But the only point with this property is the pole of the line at infinity, 
and it is finite only when the conic is not a parabola. 

Theorem 1, A parabola has no center. An ellipse or a hyperbola has 
a unique center ^ the pole of the line at infinity. 

Accordingly, we call ellipses and hyperbolas central conics, 

A tangent to a nondegenerate conic at a point on the fixed line, if it 
is not the fixed line itself, is an asymptote. 

Theorem 2. A central conic has two distinct asymptotes, A parabola 
has no asymptotes. 

Theorem 3. The asymptotes of a central conic intersect in the center. 

The latter theorem follows from the fact that the asymptotes are 
the tangents at the points in which the fixed line meets the conic, and 
hence intersect in the pole of the fixed line. 

Since an affine transformation carries the points at infinity of a cen- 
tral conic C into the points at infinity of the transformed conic C", it 
carries the asymptotes of C into the asymptotes of C', and the center 
of C into the center of C'. Thus the theories of asymptotes and centers 
really are affine. 
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By a diameter of a nondegenerate conic we shall mean a finite line 
through the pole of the fixed line. 

Diameters of Central Conics. The diameters of a central conic are the 
lines through its center. By § 1, Th. 2 6, we have 

Theorem 4. The diameters of a central conic are conjugate in pairs. 
The pairs of conjugate diameters form an involution whose double lines 
are the asymptotes. 

The theorem implies, in particular, that an asymptote is a self- 
conjugate diameter. 

Theorem 5. The pole of a diameter is the point at infinity in the 

direction of the conjugate diameter. The 
polar of a point at infinity is the diameter 
which is conjugate to the diameter in the 
direction of the point. 

The pole of a diameter is surely a 
point at infinity, since every diameter 
contains the pole of the line at infinity. 
Two lines conjugate to the diameter r/i of 
Fig. 5, and therefore intersecsting in the 
pole of oi, are the diameter a^ conjugate 
to 0 i and the line at infinity. Hence the pole, Aij of ai is the point at 
infinity on o-a. 

Inasmuch as -da is the pole of xz = 0, and A\ and A^ are respectively 
the poles of ai and ^ 2 , the triangle AiA^Az is self-conjugate with respect 
to the conic. 

Theorem 6. -4 pair of conjugate diameters and the fixed line consti- 

tute a self -con jugate triangle. 

Since Ai is conjugate to all points on aj, a finite point P on ai lies 
midway between the points P\ iind Pz in which the line AxP meets the 
conic. But P\Pz is the chord of the conic on AiP, and AiP is parallel 
to a^. Hence: 

Theorem 7, A diameter bisects the chords parallel to the conjugate 
diameter and is parallel to the tangents at the intersections of the conjugate 
diameter with the conic. 

The proof of the latter half of the theorem we leave to the reader. 

Diameters of a Parabola. According to definition, a diameter of a 
parabola is b. finite line through the point at infinity of the parabola. 
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There are no conjugate diameters, inasmuch as the line through the 
point at infinity of the parabola conjugate to a given diameter is always 
the line at infinity. 

The following tlieorems are readily established. 

Theorem 8. T'he pole of a diameter is the point at infinity in the 
direction of the tangent at the finite intersection of the diameter with the 
parabola. 

Theorem 9. A diameter bisects the chords parallel to the tangent at its 
finite intersection with the parabola. 


Affine Classification of N ondegencrate Conics. In the reduction of 
the equation 

( 1 ) ^^a{jXiXj = 0 , ^ 


to a simple form, we are restricted to affine transformations of co- 
ordinates, or what is the same thing, to triangles of reference which 
have the fixed line, Xs = 0, as their third side. 

If the conic (1) is a central conic, it is natural to introduce as the 
new triangle of reference a triangle consisting of two conjugate di- 
ameters and the fixed line. Since this triangle is self-conjugate with 
respect to the conic, the equation of the conic in the new coordinates is 
of the form 


( 2 ) 


/ /2 f /2 

anXi 4" ^22:^2 4- 033 X 3 = u. 


t t t , r. 

O11U22US8 5 ^ 0 , 


Instead of (2) we can write, on the introduction of nonhomogeneous 
coordinates and a simplified notation for the coefficients, 


(3) Ax^^‘ 4- = 1. 

If A and B are both positive, equation (3) can be reduced by the 
affine transformation of coordinates, 

x" = ^[A x\ 7/" = Vr y'f 

to 

(4 a) x"^4.7/''^= 1 . 

Similarly, if A and B are both negative, (3) can be reduced to 


(4 6) x"- 4- y "' = - 1. 

If A and B are oj^posite in sign, we can assume that A is positive 
and B negative and hence reduce (3) to 

(4 c) 
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Theorem 10. Bjj a change of affine coordinates the equation of a cen» 
trcd conic can he reduced to 

2;2 -f- y2 -s 1 ^ y2 ^ I QJ, ^2 _ 2/2 = 1, 

according as the conic is an ellipse with a real trace or an ellipse with'- 
out a real trace or a hyperbola. The corresponding equations in line 
coordinates are 

1^2 + i ;2 = y 2 = _ 2 ^ ||2 _ y 2 = 

If the conic (1) is a parabola, a self-conjugate triangle having the 
fixed line as a side does not exist. We take 
as the new triangle of reference a triangle 
A\A 2 Az (Fig. 6) consisting of a diameter, the 
tangent at the finite point of intersection of the 
diameter with the parabola, and the fixed line. 
Since Ai ; (1, 0, 0) and Az : (0, 0, 1) lie on the 
conic and are both conjugate to Az : (0, 1, 0), 
the equation of the parabola in the new coordi- 
nates, 

= 0 , \aij\ ^ 0 , 

f f2 . f f i ^ t t X 

a2S!C2 "T ^ <*132^12^8 “ 0, 022^18 ^ 0, 

or, in nonhomogeneous coordinates, 

2 /'* = 2 mx\ w 7 ^ 0. 

The affine transformation of coordinates x" = m x', y'' = y' reduces 
this equation to 

(4 d) ?/'* = 2 x". 

Theorem 11. The equatiort of a parabola can be reduced by a proper 
change of affine coordinates to the form 

t - 2 X. 

Th^ corresponding equation in line coordinates is 

v* = 2 w. 

Interpreting the affine transformations which we have employed 
as transformations of the plane, instead of as transformations of co- 
ordinates, we conclude from Theorems 10 and 11, by arguments anal- 
ogous to those in the projective case, that there exist in the affine plane 
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only four types of nondegenerate conics: one type of hyperbola, one 
type of parabola, and two types of ellipses. 

Theorem 12, Each two real ellipses with real traces (without real 
traces), or each two real hyperbolas, or each two real parabolas, are equiv* 
alent with respect to the group of real affine transformations. 


EXERCISES 

1. Deduce a simple condition that the nondegenerate conic "LbifUiUj * 0 
be a parabola. The same for Xat,XiXj = 0. 

2. Find the asymptotes and center of the conic 

+ 3 xr/ — 4 2/* -h 2 X — 10 2/ *= 0. 

3. Show that the asymptotes of the central conic ZoujXiXj = 0 are parallel 
to the lines represented by the equation 

+ 2 anxy + a222/* = 0. 

4. Find the diameter of the conic 

x^ — 3 XT/ + 2 1/^ — 4 
which is conjugate to the axis of x. 

5. By application of Theorem 4, show that the diameters of 

^ r= 1 

which are of slopes X, X' are conjugate if and only if 



6. Prove the latter half of Theorem 7. 

7. Establish Theorems 8 and 9. 

8. Prove that the tangents to a central conic at the extremities of a chord 
meet on the diameter bisecting the chord. Is the proposition true for a 
parabola? 

9. Show that a cross ratio of four diameters of a central conic is equal to 
the corresponding cross ratio of the four conjugate diameters. 

10. Determine an affine transformation carrying the ellipse 


2x='-2x2/ + 5 2/*-2x-8 7/ + 4 = 0 

into 

X* + 1/® — 1 = 0. 

11. Find an affine change of coordinates which reduces the equation of the 
parabola 

X* — 2xy + 2/* + 3x+22/ — 2 ==0 

to the form 

2 ^ *= 2x. 

12. Show that each two complex central conics are equivalent with resi>ect 
to the group of complex affine transformations. How many kinds of non- 
degenerate conics are there in complex affine geometry? 
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6. Metric Properties of Conics. The metric geometry of conics has 
to do with their relationships to the circular points at infinity, 1 and J, 

Parabolas. By an axis of a conic is meant a line of syirmetry, that 
is, a finite line which bisects the chords of the 
conic perpendicular to it. An axis of a para- 
bola is, therefore, necessarily a diameter which 
is peirpendicular to the tangent at the finite 
intersection of the diameter with the parabola. 
A diameter VP with this property must, with 
the corresponding tangent VQ, separate har- 
monically the isotropic lines through V (Fig. 
7), In other words, the pole Q of the diameter 
must be the harmonic conjugate of P with 
respect to I and J. Hence Q, and therefore 
the diameter, is uniquely determined. 

Theorem 1, A parabola has a single axis, the polar of the point which 
is the harmonic conjugate of the point at infinity on the parabola with 
respect to I and J. 

The finite point V in which the axis meets the parabola is the vertex 
of the parabola. 

If rectangular Cartesian coordinates x, y, referred to the axis of an 
arbitrary parabola as .r-axis and the tangent at the vertex as ?/-axis, are 
introduced, the equation of the parabola must, by reasoning similar 
to that of § 5, take the form 

(1) = 2 mx, m 7 ^ 0. 

We may assume that the axis of x has been so directed that m is 
positive. Then no two of the parabolas represented by (1) are metric- 
ally equivalent. It is not legitimate, for example, to claim the equiv- 
alence of the two parabolas 

7/2=2 niiT, = 2 mox', mi 7 ^ m-i, 

by the transformation m 2 x' == mix, ?/' = y, for this transformation is 
not a rigid motion. 

Theorem 2. There are 00^ noncquivalent types of real parabolas with 
respect to the group of real rigid motions. 

Central Conics. Inasmuch as we are dealing only with real conics 
and the points I and J are conjugate-imaginary, a conic which passes 
through one of these points must pass thremgh the other. 
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A conic which contains 1 and / is a circle. The asymptotes of a 
circle are isotropic lines, and hence each two conjugate diameters of a 
circle are perpendicular. 

Since an axis of a conic is a line which bisects the chords perpendic- 
ular to it, an axis of a central conic is a diameter which is perpendicular 
to the conjugate diameter. The latter diameter is then also an axis. 
Thus the axes of a central conic appear in pairs, as the pairs of mutually 
perpendicular conjugate diameters. Inasmuch as the conjugate diam- 
eters form an involution with the asymptotes as double lines, there is, 
except in the case of a circle, just one pair of mutually perpendicular 
conjugate diameters (Ch. IX, § 8, Th. 1), and they bisect the angles 
between the asymptotes. 

Theorem 3. A central conicy not a circle y has two axes, the bisectors 
of the angles between the asymptotes. Every diameter of a circle is an axis. 

Since two perpendicular axes of a central conic and the line at in- 
finity form a self-conjugate triangle, the equation of the conic referred 
to the axes, as axes of coordinates, assumes the form 

(2) Ax^ + By^ =1, 7^ 0. 


Theorem 4. There are oo^ nonequivalent types of real central conics 
with respect to the group of real rigid motions. 

If A and B are of opposite signs, we assume A > 0 and R < 0 and 
set A = l/a^, R == — Ijb’^y thus obtaining the hyperbolas 


(2 a) 




If A and R are of the same sign, we have the ellipses 


(2 b) 


±1 


with, or without, real traces. When A = R, we get the circles. 

It is evident from our results that, whereas there are only a finite 
number of nonequivalent types of real conics in projective or affine 
geometry, there is an infinity of nonequivalent types of real conics in 
metric geometry, in fact, an infinity which depends on two parameters. 
The two parameters are reflected geometrically in the shape and size of 
the conic. 


Foci and Directrices. The foci of a conic are the finite points of inter- 
section of the isotropic tangents. The directriem are the polars of the 
foci. 
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Since a parabola is tangent to the fixed line, it has but two isotropic 
tangents and hence only one focus and one directrix. The isotropic 
tangents are conjugate-imaginary; the focus and the directrix are con^ 
sequently real. 

A circle has but two isotropic tangents, its asymptotes. Hence a 
circle has a single focus, its center, and a single directrix, the line at 
infinity. 

A central conic, not a circle, has four distinct isotropic tangents, 
which are conjugate-imaginary in pairs. There are therefore four foci, 
two real and two conjugate-imaginary, and corresponding to them, two 
real and two conjugate-imaginary directrices. 

Theorem 5. The foci of a central conic, not a circle, lie on the axes 
and are equidistant in 'pairs from the center. 

Let F and F' be the real foci, G and G the conjugate-imaginary foci. 
By a previous theorem (Ch. VIII, § 5, Pk. 4), FF' and GG arc mutually 

perpendicular linos whose point of inter- 
section C is equidistant from F and F' 
^ and from G and G. To prove that C is 
the center and FF' and GG are the axes, 
it suffices to show that FF' and GG are 
conjugate diameters. 

The pole ofFF' is the point of intersection 
j of any two lines which are conjugate to 
FF'. The line through!^ conjugate to FF' 
is the harmonic conjugate of FF' with 
_ respect to the isotropic tangents FG 

and FG and is therefore perpendicular to FF'. Similarly, the line 
through F' conjugate to FF' is perpendicular to FF'. Since these two 
lines conjugate to FF' are parallel to GG, the pole of FF' is the point 
at infinity in the direction of GG. In the same way it may be shown 
that the pole of GG is the point at infinity in the direction of FF'. 
Consequently, FF' and GG are conjugate diameters. 

Corollary. The directrices corresponding to the foci lying on an 
axis are parallel to, and equidistant from, the other axis. 

The directrices which are the polars of F and F' go through the pole 
of FF' and so are parallel to GG. That they are equidistant from 
GG follows from the fact that F and F', as well as the conic, are sym- 
metric in GG. 



Fig. 8 
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Theorem 6. The focm of a parabola lies on the axis, the directrix ie 
perpendicvlar to the axis, and the vertex is equally distant from the focus 
and the directrix. 

The theorem can be established geometrically by methods analogous 
to those used in proving Theorem 5. 

We could now proceed as in Ch. VIII, § 9, to obtain the metric 
properties which bear on foci and directrices. 

EXERCISES 

1. Find the axis and vertex of the parabola 

it® + 4 xy + 4 — 2 X = 0. 

2. Find the slopes of the axes of the conic 

2x® — 4 x2/-‘2/®+2x — Sy + l =0, 

by writing the equation of the involution of the pairs of conjugate diameters 
and determining from it the pair of perpendicular conjugate diameters. 

3. Determine the foci of the conic 

5 - 4 - 20x - 24 y + 4 = 0. 

4. Prove Theorem 6. 

5. Find the focus of the parabola m + w = 0, without finding the equa- 
tion of the parabola in point coordinates. 

6. Show that the line joining the pole of a focal chord of a conic to the focus 
is perpendicular to the focal chord. 

7. The line joining a point to the center of a circle is perpendicular to the polar 
of the point with respect to the circle. Establish this statement and hence 
show that, if a triangle with finite vertices is self-conjugate with respect to a 
circle, the intersection of the altitudes must be the center of the circle. 

7. Degenerate Conics. We agree to extend the definitions which 
we have introduced in this chapter for nondegenerate conics to 
degenerate conics, in so far as they are applicable.* 

Projective Properties. We discuss, first, poles and polars and conju- 
gate points with respect to a degenerate point conic 

(1) ^dijXiX] = 0, ^ aii = <2/t, 

of rank two. If r is not the singular point, the equation 

( 2 ) ^aifiXj = 0 

* Since degenerate point conics can be considered as conics only from the 
point of view of point geometry, we can expect to extend to them only that 
portion of our developments which pertains to point geometry. Similarly, we 
can hardly expect of degenerate line conics properties which belong essentially 
to point geometry. We cannot hope, for example, to get far with a theory of 
conjugate lines for a degenerate point conic. 
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always represents a straight line, the polar of r, and the points of this 
line are the points conjugate to r. 

If r is on (1), the polar of r is the tangent at r and is therefore that 
one of the constituent lines of (1 ) on which r lies. If r is not on (1), the 
polar of r is the harmonic conjugate, with respect to the lines constitut- 
ing the conic, of the line joining the singular point to r; for, if the 
constitutent lines of (1) are (c|.r) = 0, (d|.r) = 0, the line joining 
their point of intersection to r and the polar of r are respectively 

{c\r){d\x) — (rf|r)(c|a:) = 0, (c[r)(£Z|a;) + (d | r) (c | x) = 0. 

It follows that two points, neither of which is on (1), are conjugate 
if and only if the lines joining them to the singular point separate the 
constituent lines of (1) harmonically, and that two points, the first of 
which is on (1) but is not the singular point, are conjugate if and only 
if the second lies on the same constituent line as the first.* 

If r is the singular point of (1), equation (2) is illusory; the polar of 
the singular point is undefined. On the other hand, the coordinates of 
every point ,s‘ satisfy the equation ^anriSj = 0: conjugate to the singular 
point is every point in the plane. 

Since the only polars of points arc the lines through the singular 
point, the transformation of point into polar is not one-to-one and has 
no proper inverse transformation of polar into pole.f 

Two lines which separate harmonically the constituent lines of 
(1) may justifiably be called conjugate lines, inasmuch as each con- 
tains points whose polars are the other. Jhit these are the only pairs 
of lines which may in*operly be called conjugate. 

By a self-con jugate triangle we shall understand, here, a triangle each 
two of whose vertices are conjugate points. One of the vertices is then 
the singular point and the lines joining the other two to the singular 
point separate the lines of the conic harmonically. 

The facts concerning a degenerate point conic of rank one, 

(c|x)^= 0, 

can readily be deduced from the polar equation 

(c|r)(c|.r) = 0. 

The points of the conic .have no polars, and the polar of every point 

This is essential Theorem 1 a of § 1, paraj)h rased for our degenerate conic. 

t It is worth while in this connection 1o think of the transformation of 
point into polar tis a singular involutory correlation (§ 3) and to recall the 
facts concerning singular collineations; see Ex. 11, End of Ch. VII. 
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not on the conic is the line of the conic. Conjugate to a point of the 
conic is every point in the plane, and conjugate to a point not on the 
conic is every point of the conic. The self-conjugate triangles are 
those with two vertices on the conic. Conjugate lines do not exist. 

To reduce the equation of a degenerate point conic of rank two to 
normal form, we take as the sides = 0, = 0 of the new triangle of 

reference two lines separating harmonically the lines of the conic. 
The equation of the conic, referred to this self-con jugate triangle, 
becomes 


/ #2 , /Z 

dllXl < 2223:2 = 0 , 


< 211^22 0 , 


and may, by suitable choice of the new unit point, be reduced to 


//2 , //2 
Xl + 3*2 =0 


or 


//2 „2 

Xl — X2 - 0 , 


according as the lines of the conic are conjugate-imaginary or real. 

If the rank of the degenerate point conic is one, its equation 
obviously reducible to 


^2 

Xl 


= 0. 


is 


Here, too, the new triangle of reference is self-con jugate with respect 
to the conic. 

We leave to the reader the corresponding developments for degener- 
ate line conics. 

Affine Pro'periics. According as the two points in which the line at 
infinity meets a degenerate point conic * are real and distinct, real and 
coincident, or conjugate-imaginary, the conic is known as a degenerate 
hyperbola, degenerate parabola, or degenerate ellii)se. 

Applying the definitions introduced for nondegenerate conics, we 
find that a degenerate ellipse or hyperbola has two asymptotes, its 
constituent lines, and a unique center, its singular point. 

A degenerate parabola is symmetric in every point of a line, that is, 
it has a line of centers. It also possesses asymptotes, its constituent 
lines, for these are its tangents at its point at infinity. ^ 

There is only one affine property which may be extended to degener- 
ate line conics. The point midway betw^eeii the constituent points of 
a degenerate line conic, provided these points are finite, may justifiably 
be called the center of the conic. 

• We leave aside, as lacking in interest, the case in which the fixed line 
belongs to the conic. 
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Metric Properties. A degenerate central conic has two axes, the 
bisectors of the angles between its constituent lines.* A degenerate 
parabola has as axes the line of centers and every line perpendicular 
to the line of centers. 

The definitions of the squares of the eccentricities of a nondegenerate 
hyperbola as functions of an angle a between the asymptotes, namely 
sec® a 12 and esc* a/2, are readily shown to hold for a nondegenerate 
ellipse, other than a circle. These definitions apply equally well to a 
degenerate central conic, not a circle. To a degenerate circle we give 
only the one eccentricity zero, and to a degenerate parabola, the single 
eccentricity unity. 

EXERCISES 

1. Discuss the projective properties of degenerate line conics. 

2. Determine the nonequivalent types of degenerate point conics in affine 
geometry and exhibit normal forms of their equations. 

3. Discuss the question of the foci of a degenerate line conic; of a degenerate 
point conic. 

8. Invariants of Conics. Let the quadratic form 
be carried by the collineation 

(2) (i - 1, 2, 3), 5^ 0 

j 

into the quadratic form 

(3) ~ 

n 

and denote by A the determinant | | of the collineation, and by A 

and A' the discriminants ja^/l and |ar«| of the given and transformed 
forms. Then 

(4) A'> A*A. 

Theorem 1. The discriminant of a quadratic form is a relative in- 
variant^ of weight twOj1[ with respect to the group of collineations. 

In establishing (4) we need the values of the a'^s in terms of the a's 
and d*s. These are obtained by actually transforming (1) into (3) 

*A degenerate circle is an exception. The constituent lines in this case 
are the isotropies through the center and every line through the center is an 
axis. 

t In saying that the invariant is of weight two, we mean simply that the 
power to which A appears in (4) is two. An invariant of weight zero is an 
absolute invariant. 
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by (2). Setting 

= JldirXr, Xj ~ 

T i 

from (2) into (1), we get 

YL^ijXtXj = YLaijdirdjtxWt = H(E,dirajidj,)xW99 

V ijr* TS ij 

or 

( 5 ) ^^dijXiXj =■ 

a TB 

where 

(6) Ofa “ dirdjidji. 

This expression for aA may be analyzed as follows: 

dfa dir^tat ^ hCTe ^la ^jidja* 

* J 

The second of these sets of relations says that the determinant 
H = l^tal is the product of the determinants A and A: H = ^ A; 
the first says that A' is the product of A and H : A' = A H. Hence 
= A ^ A = A^A, 

Our proof is, however, not quite complete. It remains to show that 
dr a and are actually equal.* This follows readily from (6) by virtue 
of the fact that Ut,- = 

Theorem 2. The expression 

L a-iiU,?i 

V 

is dn absolute invariant of the quadratic form (1) and the two points y 
and z with respect to the group of collineations. 

Since 

Vi “ diryrj ^ djaZa- 

T 8 

we have 

Xrf ^ (^%jdirdjayr^a~ ^ ( ]^ dirdijdjf)yrZaa 

ij ijTB TS ij 

and hence, by (6), 

(7) HcLipjiZj = '^dij-yWi^ 

Geometric Interpretations, Our theorems furnish analytic proofs of 
certain fundamental propositions in the projective geometry of conics. 
The first theorem assures us that, if a oollineation carries a point conic 

* The definition of the discriminant of a quadratic form assumes that the 
form has been written as ZoijXiXj, where an = ayi. 
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Q into a point conic Q', Q and Q' are both degenerate or both non- 
degenerate. 

The second theorem guarantees (a) that two points conjugate with 
respect to Q are carried into two points conjugate with respect to Q'; 
(b) that the polar of a point with respect to Q is carried into the polar 
of the transformed point with respect to Q'; and (c) that a tangent to 
Q at a given point goes into a tangent to Q' at the transformed point. 

It is obvious geometrically that a necessary condition that two point 
conics 1)6 projectivoly equivalent is that they have the same rank. 
Hence, the rank of the matrix of a quadratic form ts an invariant with 
respect to the qroup of collintations. This invariant differs, evidently, 
in type from tlie invariants previously considered. It is known 
as an arithmetic invariant. 


EXERCISES 

1. Show that — 4 ^ C is a relative invariant of weight two of the conic * 

(8) Ax^ + Bxy + Cy + Dx + % + F = 0, 

with respect to the group of affine transformations. Give a geometrical reason 
why the weight must V)e an even number. 

2. Prove that A + G and — 4 AC are absolute invariants of the conic 
(8) with respect to the group of rigid motions. What is the geometrical signifi- 
cance of the vanishing of A -f- C? 

3. Show that the roots of ihe equation 

(1^ - 4 AC) - 4 [(A -h C)2 4-732-4 AC] (« - 1) = 0 
are the squares of the c(Jcentricitios of the conic (8). 

EXERCISES ON CHAPTER XIV 

1 . Show that, if the vertices of a complete quadrangle lie on a noiidegeiierate 
conic, the diivgonal triangle is self-conjugate with respect to the conic. State 
the dual. 

2. Prove that every triangle self-conjugate with respect to a nondegenerate 
conic may be considered as the diagonal triangle of a complete quadrangle 
whose vertices are on the conic. State and prove the dual. 

3. Let Q be a nondegenerate conic, and let L be a line not tangent to it. 
If Ai, ih, Cl, . . . are points on L and A 2 , B 2 , C 2 , . . . are the intersections 
with L of the polars of Ai, Bi, Ci, . . . wdth respect to Q, show that the pairs 
of points Ai, A 2 , Bi, B 2 , Ci, C 2 , . . . form an involution. 

4. Let a nondegenerate conic and two lines L and L' which are not conjugate 
with respect to the conic be given. Show that there is a unique point P' on L* 
which is conjugate to an arbitrarily cbosen point P on L, and vice versa. Prove 

* It is assumed that A, P, C are not all zero. 
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that the one-to-one correspondence thus established between the points of 
L and L' is projective. When will the point common to L and L' correspond 
to itself? 

5. Let P be a point not on a nondegenerate conic, L its polar, and Q an 
arbitrary point on the conic. Show that the points in which L is met by PQ 
and the tangent at Q are conjugate points. 

6. Show that the equation in line coordinates of an arbitrary parabola 
tangent to the coordinate axes is of the form 

aiuv -f- + QiV = 0, OiOafla 9^ 0. 

7. Show that the two chords connecting a point on a central conic to the 
ends of a diameter are parallel to two conjugate diameters. 

8. Show that the sides of a parallelogram inscribed in a central conic are 
parallel to a pair of conjugate diameters. 

9. Under what conditions will two central conics have the same pairs of 
conjugate diameters? 

10. Prove that the pairs of points in which a diameter, not an asymptote, 
cuts two conjugate hyperbolas form a harmonic set. 

11. Show that the isotropic lines through the center of a conic are conjugate 
diameters if and only if the conic is a rectangular hyperbola. 

12. Where must a point be located in relation to a nondegenerate conic in 
order that each two perpendicular lines through it be conjugate with respect 
to the conic? 

13. There is in general a unique line which is perpendicular to a given 
finite line and also conjugate to it with respect to a given nondegenerate 
conic. What arc the exceptions? 

14. Prove that, if each of two pairs of opposite vertices of a complete quadri- 
lateral consists of conjugate points with respect to a nondegenerate conic, so 
also does the third pair. 

15. Show that two triangles which are polars of each other (§ 3, Ex. 2) are in 
the relationship of Desargues. What special theorem results when one of the 
triangles is circumscribed about the given conic? 

16. All imaginary nondegenerate parabola which is tangent to the line at 
infinity at J: (1, i, 0) has no focus and no directrix. Its equation may be re- 
duced to the form 

{x + i yY + a {x -iy) ^ % o 0, 

by introducing the contact point M of the isotropic tangent from I as origin, 
and the constant a may be made to take on the value unity by proper choice 
of rectangular axes at A/. The parabola admits of a group of three rigid mo- 
tions into itself, namely the group of rotations about M through the angles 
0°, 120°, and 240°! Consequently, it is possible to inscribe in it infinitely many 
equilateral triangles!! What is the eccentricity of the parabola, as defined by 
§ 8, Ex. 3? 

17. An imaginary nondegenerate central conic which passes through /, 
but not through 7, has no axes and only two foci and two directrices. The 
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directrices are isotropies, and the line joining the foci is an isotropic asymptote. 
The equation of the conic, referred to the center as origin and to the polar of I 
as the axis of is 

a:® — 2 i xy -H 3 1/* = 4 fc*, k 7 ^ 0. 

The two foci F and F^ then have the coordinates {k, k i) and ( — Jb. --- ki) and 
for every point P on the conic 

±FP dcF'P =^2^|2k. 

On the other hand, the conic is not the locus of a point moving so that the ratio 
of its distances from a focus and a directrix is constant, and both its eccen- 
tricities, as given by § 8, Ex. 3, are zero! 



CHAPTER XV 


PROJECTIVE THEORY OF CONICS 

1. Projective Generation of Conics. First Method. Let it be 

required to find the locus of a point P which moves so that the cross 
ratio (L1L2, L3L4) of the four lines joining P to four given points, no 
three collinear, is constant and equal to k\ 

( 1 ) (L1L2, L3L4) = k. 

Take the four given points as the basic points Ay, A2, A3, D of a 
projective coordinate system and denote the 
coordinates of P by (xi, X2, X3). The equations 
of Li and L2 are, then, 

Lyl CL X3-Y2 X2X 3 0 ^ 

L2' = X1A3 — X3X1 “ 0, 

and the equations of L3 and La are the linear 
combinations of these equations which are 
satisfied respectively by (0, 0, 1) and (1, 1, 1), namely 

Ls: xi a + X2^ = 0, 

La: (xi — xs) a + (x2 — xs) /? = 0. 

Hence (1) becomes 

X2(Xi — X3) _ ^ 

Xi(X2 — Xs) 

or 

(2) X2X8 — k X3X1 -f — 1) X1X2 = 0. 

This equation represents a point conic which passes through each of 
the given points.* The conic is nondegenerate provided we assume 
that k 9^ Oj 1, 

Theorem 1 a. The locus of a point which moves so that a chosen cross 
ratio of the lines joining it to four fixed points, no three collinear, is con- 
stant, ^ 0, 1, is a nondegenerate point conic passing through the four 
points. 

* Strictly speaking, the given points do not belong to the locus, since the 
cross ratio in (1) is undefined when P coincides with one of them. 
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Conversely^ every nondegenerate point conic * can he generated in this 
manner. 

To prove the converse, we choose on the given conic four distinct 
points and take them as the basic points of our coordinate system 
(Fig. 2). The equation of the conic then is 

( 3 ) aiXiXi + a^xzXx + 03X1X2 = 0 , 010203 0 . 

wliere 

0 i + 0^2 + <13 = 0. 


Without loss of generality, we may set 

Ui = 1, 02 = — ky as = k — 1, k 9 ^ 0, 1. 


Equation (3) then becomes identical with (2) and the conic is the locus 
of a point P moving so that (Li U, L3L4) = k. 

If we allow P, moving on the conic, to ap- 
proach a given point, say i), as its limit (Fig. 2), 
the cross ratio retains always the value /c, while 
the secant PD approaches as its limit the tan- 
gent DT at 7). Therefore 

{DAi DA2y DAs DT) = L 



We now restate the converse in the form in 
which it was originally discovered. 

STEiNER’sf Theorem, If four points on a vondegcncrate conic are 
giveny a chosen cross ratio of the four lines joining them to an arbitrary 
fifth point on the conic has a constant value. The corresponding cross 
ratio of the lines joining three of the given points to the fourth and the 
tangent at the fourth has the same value. 


We leave to the reader the proofs of the dual theorems. 

Theorem 1 b. The envelope if a line which moves so that a chosen 
cross ratio of the points in which it intersects four given lineSy no three 
concurrent y is constanty 9 ^ 0, 1, is a nondegenerate line conic tangent to 
the four Imes, 


Theorem 2 h. If four tangents to a nondegenerate conic are giveuy 
a chosen cross ratio of the four points in xvhich they are met by an arbitrary 
fifth tangent has a constant value. The corresponding cross ratio of the 


* We exclude in this chapter conics without real traces, 
t Steiner (179(>-1863) was particularly interested in the projective generation 
of algebraic curves and surfaces. 
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points in which three of the given tangents intersect the fourth and the 
point of contact of the fourth has the same value. 

EXERCISES 

1. Prove Theorem 1 b. 2. Prove Theorem 2 h. 

3. Prove geometrically that, if the cross ratio k in the locus problem is 0, 1, 
or 00 , the locus consists of a pair of opposite sides of the complete quadrangle 
determined by the four given i)oints. 

4. Show that Steiner’s Theorem is true for a degenerate point conic, pro- 
vided only that the cross ratio in question is defined. 

2. Conics Determined by Points and Tangents. In the envelope 
problem of § 1 , the constant value of the cross ratio can bo prescribed 
as the cross ratio (PiA, P^Pa) of the points in which a fifth given line 
Ls intersects tlie four given lines Li, />•>, Li, L 4 (Fig. 3). Then Ls will 
be one of the positions of the moving lino and 
the envelope will be tangent to it as well as to 
the four given lines. Hence there is a conic Q 
tangent to the five lines Li, L 2 , L 3 , La, L^. 

Suppose now that a conic Q', tangent to 
the five lines, is given. Since it is assumed 
that no three of the lines are concurrent, (/ is 
nondegenerate. Hence (/ is the envelope of 
a line L moving so that the cross ratio of the 
points ill which it intersects Li, L 2 , La is a constant; since one posi- 
tion of L is 1/6, the value of this constant is {P 1 P 2 , P^Pa). Thus Q' 
answers to the same description as Q and therefore coincides with Q. 

Theorem 1 a. Tangent to five lineSj no three concurrent, there is just 
one line conic and it is nondegenerate. 

Theorem 1 h. Through five points, no three collinear, there passes just 
one point conic and it is nondegenerate. 

The constant value of the cross ratio in the envelope problem of § 1 
can also be prescribed as the cross ratio (PjP 2 , P^Pa), where. Pi, P 2 , P 3 
are the points in which Li, L 2 , Ls are met by La, and Pa is a fourth point 
on La. The resulting conic will be tangent to Li, Ln, Lz, La, and the 
point of tangency on La will be P 4 . We are thus led to the following 
theorem. The detailed proof is similar to that of Theorem 1 a. 

Theorem 2 a. Tangent to three lines and to a fourth at a given point 
there is a unique line conic and it is nondegenerate. It is assumed that 
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no three of the four lines are concurrent and that the point on the fourth 
does not lie on any of the other three. 

Theorem 2 6. Passing through three points and tangent at a fourth 
to a given line there is a unique point conic and it is nondegeneraie. It is 
assumed that no three of the four points are coll inear and that the line 
through the fourth does not contain any of the other three. 

EXERCISES 

1. Prove Theorem 1 h. 2. Prove Theorem 2 h. 

3. Show that through five points, no four collinear, there passes just one point 
conic, nondegenerate or degenerate. How many conics are there through the 
five points, if just four are collinear? If all five are collinear? 

4. Under what conditions will there be a unique point conic, nondegenerate or 
degenerate, passing through three x)oint8 and tangent at a fourth to a given 
line? 


3, One-Dimensional Perspective Correspondences. If a projective 
correspondence is established between two ranges of points l3dng on 
distinct lines, the point common to the two ranges will not, in general, 
correspond to itself. When it does, the ranges are said to be perspec- 
tive. Similarly, two pencils of lines which are in projective corre- 
spondence so that the common line is self-corresponding are called 
perspective. 

If two ranges of points are the projections of one another, their 
common point is self-corresponding and they are j)erspective. Con- 
versely, if two ranges are perspective, the lines 
joining corresponding points arc concurrent. 
For, if we think of the perspective correspond- 
ence as determined by three pairs of corre- 
sponding points Ai ^ Aof Bi ^ B2, Ci « C2, 
where ^1(^2) is the point common to the two 
ranges, the projection from the point 0 in which 
the lines B1B2 and C1C2 intersect also orders 
Ai, Bi, Cl to .rl2, B2, (72 respectively, and hence es- 
tablishes between the two ranges the given perspective correspondence. 

Theorem 1 a. Two projective ranges of points are perspective if and 
only if the lines joining corresponding points are concurrent. 

The point of concurrency is known as the center of perspective. 

Theorem 1 6. Two projective pencils of lines are perspective if and 
only if the points of intersection of corresponding lines are collinear. 
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The line of collinearity is called the axis of perspective. 

A range of points and a pencil of lines in projective correspondence 
are said to be perspective if each point of the range lies on the corre- 
sponding line of the pencil. The range of points Ai, Bi, Ci, , . . and 
the pencil of lines OAi, ORi, OCi, ... in Fig. 4 are perspective. 

EXERCISES 

1. Prove Theorem 1 b. 

2. Show that, if three of the lines joining corresponding points of two pro- 
jective ranges are concurrent, the ranges are perspective. State the dual. 

4. Projective Generation of Conics. Second Method. We have 
just seen that the locus of the points of intersection of corresponding 
lines of two perspective pencils is a straight line, the axis of perspective. 
Strictly speaking, however, we should include also the line common 
to the two pencils, for it corresponds to itself and has in common with 
itself every one of its points. The locus then consists of two straight 
lines and is a degenerate point conic. 

In the case of two pencils which arc projective but not perspective, 
the locus is a nondegenerate point conic. 

Theorem 1 a. The locvs of the points of intersection of corresponding 
lines of two projective ^ non perspective pencils of tines is a nondegencrate 
point conic. 

Theorem 1 h. The envelope of the lines joining corresponding points 
of two projective, nonperspcciive 
ranges of points is a nondegene^ 
rate line conic. 

We choose to prove the second 
of the two theorems. Let three 
pairs of corresponding points in 
the given correspondence be- 
tween the ranges on the lines h 
and t 2 be Ai -*-► A 2 , Bi ^ 2 , 

Cl ^ C 2 , and let the lines joining 
these pairs of points be a, b, c. 

Since the ranges are not perspec- 
tive, a, b, c are not concurrent 
(§ 3, Ex. 2). As a matter of fact, 
it is not difficult to show that no three of the five lines a, b, c, ti, ^2 are 
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concurrent. Hence there is a unique nondegenerate conic Q tangent 
to them. 

The line 'p joining two arbitrarily chosen corresponding points Pi 
and Po of the two ranges will be tangent to Q, if it can be shown to be 
identical with the second tangent p' drawn from Pi to Q (Fig. 5 ). 
Inasmuch as the two ranges are projective, 

( 1 ) (A2P2, C,P,) = CiPi), 

Since the four tang(mts n, fc, c, p' cut the two tangents h, t2 in two sets 
of points whose corresponding cross ratios are equal (§ 1 , Th. 2 h), 

( 2 ) (A2B2, C2P2) = (AJh, CiPih 

From ( 1 ) and ( 2 ) we have 

(A0B2, C2P2) = (A2B2, C,P 2 ). 

Hence P2 coincides with P2, and p is identical with the tangent p\ 
(/Onversely, if p is a tangent to relation ( 1 ) holds, by § 1 , Th. 2 b, 
and Pi and P2 are a pair of corresponding points of the two ranges. 

As a moves, always tangent to (>, toward U as a limit, Ai approaches 
the contact point Si of h and A2 approaches the common point of the 
ranges, considered as a point S2 of the range on (2. Thus, to the common 
point, considered as a point of the one range, corresponds the point of 
contact wath Q of the line of the other range. 

CoKOLLAKY TO THEOREM 1 b. The cofiic US tangent to the linen of the 
two ranges at the points which correspond to the point common to the two 
ranges. 

L(Jt the reader now prove Theorem 1 a and derive the corollary to it. 
Corollary to Theorem 1 a. The conic goes through the vertices of 
the two pencils and is tangent at them to the lines which correspond to the 
line common to the two pencils. \ 

To prove that every nondegenerate conic 
Q can be generated in the way described in 
Theorem 1 a, join two fixed points Vi and 
Vi on Q to an arbitrary point P on Q. As 
P traces Q, there is established between the 
pencils of lines at Vi and F2 a correspond- 
ence which becomes one-to-one without ex- 
ception when the tangents at Fi and F2 are 
ordered to the common line of the two pencils. By Steiner’s Theorem, 
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this correspondence preserves cross ratio and is therefore projective. 
Thus Q is the locus of the points of intersection of the corresponding 
lines of two projective pencils. 

We may interpret this result as follows. 

Theorem 2 n. The points of a nondegenerate conic svbtend projective 
pencils of lives at two fixed points of the conic. 

Theorem 2 h. The tangents to a nondegenerate conic cut two fixed 
tangents in j^rojective ranges of points. 

We are now in a position to complete the set of theorems begun in § 2, 

Theorem 3 a. Tangent at two given points to given lines and passing 
through a th ird point there is a tinigm point conic and it is nondegenerate. 
It is assumed that the three given points are not colUnear^ and that each of 
the two given lines contains just one of the given points. 

Let Fi, 1^2, C be the given points and ai and Ih the given lines passing 
through Fi and F2 (Fig. 7 ). Tlie pairs 
of lines a\ <12, hi 62, Ci ^ C2 establish 

between the pencils at Fi and F2 a projec- 
tive, iionpcrspective correspondence. The 
locus of the point P in which an arbitrary 
pair of corresponding lines of the pencils 
intersect is a non degenerate conic Q which 
go(JS through C, since C Is one position of P, 
and is tangent at Fi to ni and at F2 to bz. 

Suppose now that Q' is a conic which satisfies the given requirements. 
Q' cannot be degenerate. (Why?) Hence Q' is the locus of points of 
intersection of corresponding lines of two projective pencils at Fi and 
F2. This projective correspondence is identical with that which gave 
rise to Q, since it has in common with it the three pairs of corresponding 
lines a\ hi h-zy Ci Cn, Therefore Q' is the same as Q. 

Theorem 3 h. Dual of Theorem 3 a, 

EXERCISES 

1. Establish Theorem 1 a and the corollary thereto. 

2. Prove Theorem 2 h, 3. State and prove Theorem 3 h, 

4. Maclaurin's Method of Generating a Conic, A variable triangle moves so 
that its three sides turn about three given noncollinear points Ay By C and two 
of the vertices trace fixed lines a, b, not containing any of the given points. 
Show that, a A, By and the point 0 of intersection of a and b are not col linear. 
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the locus of the third vertex is a nondegenerate conic which passes through 
the points -4, B, A\ B', 0 (Fig. 8). 

5. State and prove the dual proposition. 



6. Discuss the locus of P in Ex. 4 when and B are 
collinear with 0. 

7. Mark on a straight line a series of equally spaced 
points, numbering the points consecutively, and repeat 
the construction on a second line. What can you say 
of the lines which join like-numbered points? 


8. Ney)ton*s Method of Generating a Conic. Two con- 
stant angles move about fixed vertices so that a side of one always intersects 
a side of the other on a fixed line. Show that the point of intersection of the 
other two sides traces a point conic. When is the conic degenerate? 

9. Describe the envelope of the lines joining corresponding points of the 
projective ranges on the lines L and U of Ex. 4, End of Ch. XIV. Discuss all 
cases. 


5. Continuation. Analytic Treatment. Let 

projective, nonperspective pencils of lines 
with vertices V and V* and let three pairs 
of corresponding lines have the coordinates 
tt, 6, c and a', 6', c' so chosen that 

c = o -f- 6, = <z^ H" 

Then 

p = ja a + 6, p' = p a' + 6' 


there be given two 



are coordinates of an arbitrary pair of corresponding lines. 

Since the point P : (a*i, X 2 y xz) whose locus is desired lies on each of 
the lines p and p', we have 

(rt|a;)/i_+ (&|x) = 0, 

Eliminating p, we find that P lies on the conic 

(2) {a\xW\x) - (a'\xKb\x) = 0. 

This conic goes through V since, for V, (a( x) and (6| x) are both zero. 
Similarly, the conic goes through V\ 

To prove that the conic is tangent at V and V' to the lines corre- 
sponding to VV'y we may assume, without loss of generality, that the 
three pairs of corresponding lines determining the projective corre- 
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spondence are as shown in Fig. 10. Then, since a' = b* the equation 
of the conic becomes 

(3) (a|a:)(&'|x) - (6|x)*= 0, 

and the tangent to the conic at the point r is 
(a|r)(Z)'|x) + {b'\r)(a\x)^2(b\r){b\x) = 0. 

When the r’s are thought of as the coordi- 
nates of F, this equation reduces to (a | a;) = 0. 

Hence the line a is the tangent at F, as was to ^iq, 10 

be proved. 

Any five points, no three collinear, may be made to play the r6les of 
F, F', A, By C in Fig. 9. If, then, the coordinates a, &, c and a\ b\ c' 
are computed subject to the restrictions c = a + 6, c' = o' + 6', 
equation (2) will represent the conic through the five points. 

Figure 10 and equation (3) may be similarly applied to find the equa- 
tion of the conic tangent at two given points to given lines and pass- 
ing through a third point. 

EXERCISES 

1. Describe a method of finding the equation of a conic tangent at a given 
point to a given line and passing through three other points. 

Find the equations of the following conics, 

2. The conic passing through the five points (— 2, 0, 1), (2, 0, 1), (— 1, 2, 1), 
(1, 2, 1), (0, 3, 1). 

3. The conic tangent to the five lines (1, 0, 1), (— 1, 0, 1), (0, 1, 1), (1, 0, 1)» 

( 1 , 1 , 1 ). 

4. The conic tangent at the point (—1, — l)toa:-f-y+2 = 0 and passing 
through the points (1, 0), (1, 1), (— 1, 1). 

5. The conic tangent to the lines (1, 1, 2), (3, — 1, — 3) at the points 
(—1, — 1, 1), (1, 0, 1) and tangent to the line (0, 3, 1). 

6. The Theorems of Pascal and Brianchon, A conic is determined 
by five points or by five tangents. Under what conditions will six 
points lie on a conic or six lines be tangent to a conic? These "and other 
important questions are answered by Pascal's and Brianchon's The- 
orems. 

The theorems have to do with hexagons. By a hexagon is meant a 
figure consisting of six distinct points connected in a specific order by 

* We can take o' = 6 and still choose coordinates so that c = o -j- 6 and 

c' = a' + 
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Fig. 11 


six distinct lines, or a figure consisting of six distinct lines brought to 
intersection in a definite order in six distinct points. Figure 11 shows 
a hexagon determined by the six ordered ver- 
tices I, JI, III, IV, V, VI, or by the six ordered 
sides 1, 2, 3, 4, 5, 6. A pair of vertices, or 
sides, which are separated by two vertices, or 
sides, are called opposite; for example, I and 
IV are opposite vertices and 3 and 6 are oppo- 
site sides. 

Pascal^s Theorem. If a hexagon is in-^ 
scribed in a nondegenerate conic, the points of 
intersection of the pairs of opposite sides are col- 
linear. Conversely, if the pairs of opposite sides of a hexagon, determined 
by six points no three of which are coUinear, intersect in points of a line, 
the six vertices of the hexagon lie on a nondegenernie conic. 

We assume a hexagon inscribed in a nondegenerate conic, as shown 
in Fig. 12, and prove that the points L, M, N in which the pairs of 
opposite sides intersect are collincar. By Steiner's Theorem, a cross 
ratio of the lines joining the points A, B, C, E to D is equal to the 
corresponding cross ratio of the lines 
joining the same points to F: 

(1) {DA DB,DCDE)^{FA FB,FC FE), 

The first set of lines intersects the side 1 
in the points A, B, Ci, L; the second set 
intersects the side 2 in Aa, B, C, M. 

Hence 

(2) {AB,C,L) = {A2B,CM). 

There is therefore a projective corre- 
spondence between the ranges of points 
on the lines 1 and 2, in which to A, R, 

Cl, L correspond res])ectively A 2 , B, C, 

M, Since the point B common to the 
two ranges is self-corresponding, the ranges are perspective. Con- 
sequently, the lines A A 2 , CiC, and LM are concurrent. But AA 2 
and CiC intersect in N and so N lies on LM. 

The converse can be established by retracing steps. Since L, M, N 
are collinear, the lines AA 2 , CiC, LM are concurrent and the projective 
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correspondence established between the points of the lines 1 and 2 
which is determined by A ^ A 2 , Ci ^ C, L M is perspective: 

^ Thus the cross ratios in (2) are equal and hence the cross 
ratios in (1) are also equal. Consequently, the conic which is the 
locus of a point P moving so that {PA PB, PC PE) = k, where k 
is the common value of the cross ratios in (1), passes through all six 
vertices of the hexagon.* 

A hexagon whose pairs of opposite sides interse<?t in points on a line 
is called a Pascal hexagony and the line, a Pascal line. 

Six points, no three collincar, can be arranged in many different 
orders and so determine many different hexagons — in fact, sixty 
(Ex. 4). If one of these hexagons is a Pascal hexagon, the six points 
lie on a conic and hcn(;e all the hexagons are Pascal hexagons. 

Corollary. Six points ^ no three collincar y lie on a conic if and only 
if a hexagon having them as vertices is a Pascal hexagon. 

Let the student establish the dual results: 

Brianchon’s Theohkm. If a hexagon is circnmscrihed about a non^ 
degenerate conicy the lines joining the pairs of opposite vertices are con- 
current. Conversely y if the lines joining the opposite vertices of a hexagon, 
determined by six lines no three of which are coneurreyity go through a 
pointy the six sides of the hexagon are tangent to a nondegenerate conic,^ 

A hexagon which has the property that the lines joining the pairs of 
opposite vertices go through a point is called a Brianchon hexagon, and 
the point, a Brianchon point. 

C0R0LT.AKY. A necessary and sufficient 
condition that six lines, no three conevrrent, 
be tangent to a conic is that a hexagon having 
them as sides he a Brianchon hexagon. Ill 

Construction Problems. Let it be required 
to construct additioiiai lines tangent to the 
conic detcrmiTied by five given lines. 

Arrange the five given lines in a definite 
order, a, h, c, d, e, and bring a and b, b and c, c and d, d and e to inter- 
section in the points I, II, III, IV (Fig. 13). Draw the line I IV and 

* Which steps of the reasoning depend on the hypothesis that no three of 
the six vertices are collinear? 

t Pascal discovered his famous theorem in 1640, when he was only 16 years 
old. It was 166 years later that Brianchon found the dual theorem! 
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choose on it a point P. Denote the points in which the lines II P and 
III P intersect e and a respectively by V and VI. The line V VI is 
then tangent to the conic determined by the five given lines. 

By moving P along the line I IV a large number of tangents may be 
constructed. These will outline, however, only a portion of the conic. 
To obtain a finished picture, arrange the five given lines in other orders 
and repeat the construction. 

The dual problem of constructing additional points on a conic de- 
termined by five points admits of an equally simple solution by means 
of PascaPs Theorem. 

EXERCISES 

1. Construct a sufficient number of tangents to a conic determined by five 
tangents to outline the conic completely. 

2. Describe in detail a method of constructing additional points on a conic 
determined by five points. 

3. Prove Brianchon’s Theorem. 

4 . Show that six points, no three collinear, are the vertices of sixty distinct 
hexagons.* 

5. Establish Maclaurin's method for generating a conic by proving, by 

Pascal’s Theorem, that the points O, A, P, P of Fig. 8 lie on a conic. 

6. Apply the dual method to Ex. 5 of § 4. 


7. Continuation. Special Cases. If in Fig. 12 we allow the 
vertex P, moving on the conic, to approach the vertex A as a limit, 

the side 6 approaches the tangent at 
A and the hexagon is replaced in the 
limit by the inscribed pentagon 
ABODE (Fig. 14). On the other 
hand, since F stays on the conic, the 
points L, My N remain always col- 
linear and hence the points which they 
approach as limits are collinear. 

Theorem 1. If a pentagon is in* 
scribed in a nondegenerate conicy the 
point in which the tangent at one ver- 
tex intersects the opposite side and the points of intersection of the pairs 
of opposite remaining sides are collinear. Conversely y if a line through 



* If the six p>oints lie on a conic, the sixty hexagons are all Pascal hexagons. 
The sixty Pascal lines pass by threes through twenty points; the twenty points 
lie by fours on fifteen lines, three of the lines going tlurough each point. 
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a vertex of a pentagoriy no three of whose vertices are colUnearf meets the 
opposite side in a point colUnear with the intersections of the opposite rs'^ 
maining sides, the line is tangent to the conic which circumscribes the 
pentagon. 

By the hypothesis of the converse, the given line through the vertex 
A meets the side 3 on the line LM, But the tangent at A to the conic 
which circumscribes the pentagon also meets 3 on LM, by the direct 
theorem. Hence the given line through A is the tangent at A, and the 
converse is established. 

The theorem furnishes a condition necessary and sufficient that a line 
through one of five given i)oin(,s, no three of whicli are collinear, be 
tangent to the conic ])assing through the five points. It also yields a 
simple construction for the tangent at one of the given points. 

In Fig. 14 we can let approach one another the two vertices C and D 
opposite to the vertex A; or two vertices adjacent to A, say D and E, 
We thus obtain the theorems illustrated by Figs. 15 and 16, and cor- 
responding converse theorems. 



In Fig. 15, not only will the tangents at A and C meet in a point on 
the line LM, but also the tangents at B and E, We thus obtain a 
theorem concerning two quadrilaterals. 

Theorem 2. If a quadrilateral is in- 
scribed in a conic and a second quadrilateral 
is circumscribed about the conic so that the 
ordered vertices of the first are respectively the 
points of contact of the ordered sides of the 
second, the points of intersection of the pairs of 
opposite sides of the two quadrilaterals are 
collinear. 

If in Fig. 16 we let C, moving on the conic, approach B as its limit, 
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we obtain two triangles, one inscribed in the conic and the second 
consisting of the tangents to the conic at the vertices of the first 
(Fig. 17). Since the sides RS and R'S', ST and S^T\ TR and T'R' 
of the two triangles intersect in collinear points, the triangles are in 
the relationship of Desargues. We are thus led to the theorem: 

Theorem 3. If RST and R'S^T' are two triangles so situated that 
each vertex of the first lies on the opposite side of the second^ there exists a 
conic circumscribing the first and inscribed in the second if and only if the 
two triangles are in the relationship of Desargues. 

EXERCISES 

1. Construct the tangents to a conic determined by five points at each of the 
given points. 

2. iState and prove a condition necessary and sufficient that a point on one of 
five lines, no three of which are concurrent, be a contact point of the conic 
tangent to the five lines. Describe and illustrate a method for the construction 
of the conta(!t point. 

3 . Discuss the limiting cases of Brianchon’s Theorem which have to do with 
quadrilaterals. 

4 . Derive the dual of Theorem 3. 

5. A nondegenerate conic is determined by four points and a tangent at one 
of them, (tt) State and i>rove a condition necessary and sufficient that a fifth 
point lie on the conic and give a method for constructing additional points on 
the conic. (6) Derive a necessary and sufficient condition that a line through 
one of the remaining points be tangent to the conic. 

6. A nondegenerate conic is fixed by three tangents and the points of contact 
on two of them. P'ind a necessary and sufficient condition (a) that a point on 
the remaining tangent be the contact point on the tangent; (6) that a fourth 
line be tangent to the conic. 

8. Further Developments Concerning Projective Correspondences. 

Let there be given, on the lines Li and L 2 , two perspective ranges of 

points, with center of perspective O and 
common point R. Let two pairs of corre- 
sponding points Ai ** Aof Bi B 2 be joined 
crosswise, Ai to B^ and Bi to A 2 , and let X 
be the point of intersection of the joining 
lines. The line RX is clearly the harmonic 
conjugate, L, of the line RO with respect to 
Lx and L 2 and is therefore independent of 
the particular pairs of corresponding points 
chosen. Hence, all the points of intersection of lines joining crosswise 
two pairs of corresponding points lie on a line. 


\\ 
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In a correspondence between the two ranges which is projective but 
not perspective, the points A, R, C, . . . of intersection of the lines 
joining one pair of corresponding points Oi ** 0 % crosswise with each 
of the remaining pairs of corresponding points Ai^ A2, R2, 

Cl 62, - - . lie on a line L (Fig. 19). P^or, the points A, R, C, . . . 



are the intersections of the corresponding lines of the two pencils, 
O1O2, 0 ]A 2 , O1R2, Oxi\ . . . and O2O1, O2A1, O2R,, O2C1, . . . , and 
these pencils are i)erspectivc; they are projective since the ranges on 
L\ and L2 are projective, and their common line ihCh corresponds to 
itself. 

To be able to conclude that all the points of intersection of lines 
joining crosswise two pairs of corresponding points of the two ranges 
lie on Lj we must show that L is independent of the particular pair of 
points chosen as Oy ^ O2. As a matter of fact, L is the line joining the 
points Ro and S\ which correspond to the point Ri(*S2) common to the 
two ranges. The lines Oi7^2 and O^Ri are corresponding lines of the two 
pencils at 0 \ and O2, and hence their intersection, R^y lies on L. Like- 
wise Sly as the intersection of O1R2 and O2RJ, lies on L. Hence L is 
the line R2^i. / 

Theorem 1 . The points of intersection of lines joining crosswise tv^o 
pairs of corresponding points of two projective ranges lie on a line. If the 
ranges are not perspective, the line is the join of the points corresponding 
to the point common to the two ranges. If the ranges are perspective, it is 
the harmonic conjugate, with respect to the lines of the ranges, of the line 
joining the common point to the center of perspective. 
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In both cases the line is called the axis of the projectMty, 

Converse of Theorem 1. If two ranges of points are in one-to-one 
correspondence so that the points of intersection of lines joining crosswise 
two pairs of corresponding points are collinear, the ranges are projective. 

In giving the proof we make use of Fig. 19, thinking of 0i O 2 , 
Ax A 2 y Bi ^ B 2 , Cl •»-► C 2 , • . . as pairs of points in the given cor- 
respondence. Since A, B, C, . , , are, by hypothesis, collinear, the 
pencils of lines at 0i and O 2 arc perspective. Hence the two ranges are 
proicctive. 

The duals of Theorem 1 and its converse we state as a single theorem. 

Theorem 2. Two pencils of lines which are in one-to-one corre- 
spondence are projective if and only if the lines joining points of inter- 
section of two pairs of corresponding lines taken crosswise go through a 
point. 

This point is known as the center of the projeciivity. Where is it 
located, when the pencils are not perspective? When the pencils are 
perspective? 

The range of points At, Biy Ci, . . . on L\ in Fig. 19 is perspective 
with the range A, 5, C, . . . on L, and this range is in turn perspective 
with the range ^ 2 , B^^ C 2 , . . . on Lo. Hence the projective corre- 
spondence between the ranges on In and is equivalent to the succes- 
sion of two perspective correspondences. In other words, two pro- 
jective ranges can be connected by a succession of (two) perspectivities. 

It can be shown, dually, that two projective pencils can be con- 
nected by a succession of (two) perspectivities. 

If a pencil and a range which are projective are given, a range per- 
spective with the given pencil (§3) can be connected as in Fig. 19 
with the given range. 

Theorem 3. Two projective o'ne-dirnensional fundamental forms can 
be connected by a succession of perspectivities, 

EXERCISES 

1 . A projective correspondence between the ranges of points on two distinct 
lines is given by the prescription of three pairs of corresponding points. 
Show how to construct the point on the one line which corresponds to a given 
point on the other. 

2. Prove Theorem 2 and answer the questions in the paragraph following it. 

3* In a perspective correspondence between two pencils of lines, determined 
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by two pairs of distinct corresponding lines, the axis of perspective is inacces« 
sible. How may it, then, be possible to construct the line of the one pencil 
which corresponds to a given line of the other? 

4. By Th. 1 show that Pascars Theorem remains true for a hexagon inscribed 
in a degenerate point conic consisting of two distinct straight lines, when each 
two successive vertices of the hexagon lie one on each line. 

9. Ranges of Points and Pencils of Lines of the Second Order. A 

cross ratio of the lines joining four given points on a nondegenerate 
conic to a fifth point on the conic is 
independent of the position of the fifth 
point and is therefore, when the conic 
is given, a property of the four points 
alone. What is more natural than to 
call it a cross ratio of the four poinisf 

What is the dual definition of the 
cross ratio of four tangents to a 
conic? 

Theorem 1. A cross ratio of four 
points on a nondegenerate conic is equal 
to the corresponding cross raiio of the 
four tangents at the points, 20 

Let Ai, A 2 , As, A a be the four 
points and Oj, G 2 , ^ 3 , cla the tangents at them. To prove that 
(AiAo, A^iAi) = (aia 2 , q^Oa), it is sufficient to prove (Fig. 20) that 
(piPa, P^,Pa) = (P 1 P 2 , PzPa)- But this is evident inasmuch as Pi is 
the polar of Pi, i = 1, 2, 3, 4. 

Projective Correspondences between Two Conics, The totality of 
points on a nondegenerate conic is known as a range of points on a 
conic or as a range of the second order. The totality of tangents to a 
nondegenerate conic is called a pencil of tangents to a conic or a pencil of 
the second order. The two together are known as one-dimensional 
fundamental forms of the second order. , 

Definition. Two fundamental forms of the second order are in 
projective correspondence if their elements are in one-to-one correspondence 
so that corresponding cross ratios are equal. 

A simple case, suggested by Th. 1, is that in which the two forms 
consist respectively of the points and the tangents of the same conic, 
and to each point is ordered the tangent at the point. 
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Theorem 2. There is one and only one projective correspondence 
between two fundamental forms of the second order which orders to three 
given distinct elements of the one form three prescribed distinct elements of 
the second form. 

We consider the case of two ranges of points on two nondegencrate 
conics Q\ and Qi. Lot Ai, Ci be the given points of the range on 
Qif and let A^, /L, C2 bo the corresponding prescribed points of the 
range on Q2. Join Ai, Bu C\ by the lines aj, hi, c\ to a point Vi on Qt, 
and A2, B2t C2 by the lines ao, 62, C2 to a poijit V2 on Q*. There is a 
unique projective correspondence between the pencils of lines at Vi and 
V2 in which to r/i, bi, ci correspond a-j, bi, C2. Hence there is one and only 
one projectiv(! correspondence between the ranges of j)oints on Qx and 
Q2 in which to ^li, Bi, Ci correspond A 2, /L, C2. 



Fig. 21 


Projective Fundamental For7ns of the Second Order on the Same Conic. 
If, in the preceding proof, the conics Qi and Q2 are one and the same 

conic Q, a simple method presents 
itself for the construction of the point 
Pi of the second range which corre- 
sponds, in the projective (correspond- 
ence determined by Ax A^^ B\ ^ 82^ 
Cl ** C2, to a given point Pi of the first 
range. Join Ai, Bi, Ci to .42, and A2f 
Bo, C2 to A 1, as shown in Fig. 2 1 .* The 
projective correspondence between the 
two pencils of lines at A2 and Ai which is determined by ax ^ a-j, bx ^ 62, 
Cl ^ C2 is perspective, since the line A1A2 corresponds to itself. Thus 
the points of intersection of pairs of corresponding lines of the two 
pencils lie on a line, the line BC, or L, of the figure. Hence, if Px is 
a given point of the first range and P is the point in which AoPi meets 
L, the point P2 of the second range wliich corresponds to Pi is the 
second point in which meets Q. 

It is evid(mt from the construction that the points H and K in which 
L intersects Q are self-corresponding points and are the only self- 
corresponding points. 

Theorem 3. A projective correspondence, other than the identity, 
between two ranges of points on the same conic has two self 'Corresponding, 
or double, points. 


* It is assumed that A 1 and A2 are distinct. If Ai, Bi, Ci coincide respec- 
tively with A2, B2, C2, the given correspondence is the identity. 
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Accoirding as the two double points are coincident or distinct, that is, 
according as L is a tangent or a secant of Q, the projective corre- 
spondence is called parabolic or nonparabolic. Nonparabolic corre- 
spondeiiccs are further classified as hyperbolic or elliptic according as 
their double points arc real or imaginary. 

The line L is known as the axis of project ivity. It is determined by 
the double points. In particular, if the double points coincide, it is the 
tangent to Q at their point of coincidence. 

The points B, Cy P, . . . of the axis L arc the points of intersection 
of tlie lines which join the pair of corresponding points A2 cross- 
wise with each of the remaining pairs of corresponding points Rj, 

Cl ^ C2, Pi P'2i .... But the axis L is independent of the par- 
ticular pair of corresponding points chosen as -*-► As. Hence: 

Theorem 4. The points of intersection of line^^ joining crosswise two 
pairs of corresponding points of two projective ranges on the same non^ 
degenerate conic lie on the axis of projeclivity. Conversehjj if two ranges 
of points on the same nondegenerate conic are in one-to-one correspondence 
so that the points of intersection of lines joining crosswise two pairs of 
corresponding points arc collinearj the ranges are projective. 

The proof of the converse is similar to that of the converse of The- 
orem 1 of § 8. 

EXERCISES 

1. If the points of two projective ranges of points on the same nondegenerate 
(?onic Q are joined to a point Y on Q, two projective j)encils of lines arc obtained 
witli V as common vertex. Establish the following relationshijis between the 
projectivity between the pencils at V and the projectivity between the ranges 
on Q. 

A. The double linciS of the projccjtivity at V meet Q in tlie double points of 
the x)rojectivity on Q. 

B. The projectivity on Q is elliptic, jiarabolic, hyperbolic, or the identity, 
according as the projectivity at K is elliptic, parabolic, hyperbolic, or the iden- 
tity. 

The projectivity on Q is involutory if and only if the projectivity at V is 
iiivolutory. ^ 

D. If the projectivity on Q is nonparabolic, a pair of corresponding points 
sejiarate the double points in a constant cross ratio. This cross ratio is known 
as the invariant of the projectivity on Q and has the same value as the invariant 
of the projectivity at V. 

2. Give a construction for a pair of corrcsfionding lines in a projective cor- 
respondence between two pencils of tangents to the same conic, which is 
determined by three pairs of corresponding tangents. Hence prove the duals 
of Theorems 3 and 4. 
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10. Involutions on a Conic. 

Theorem 1. Two pairs of distinct points on a nondegenerate conic 
form a harmonic set if and only if the lines determined by them are con- 
jugate with respect to the conic. 

Let Pi, P 2 and Q 2 be the given pairs of points and let p and q be 
the lines determined by them (Fig. 22). If p and q are conjugate with 
p respect to the conic, q passes through the pole P of 
p and the points P, R and Oi, Qz form a harmonic 
set. The lines PiP, PiR and PiQu P 1 Q 2 then form 
a harmonic set and hence so do the points in v/hich 
they meet the conic. But these are the given points 
Pi, P 2 and Qi, Qz. 

Conversely, if Pi, P 2 and Qi, Qz form a harmonic 
set and P is the point of intersection of the tangent 
at Pi with O', the points P, R and Qi, Qz form a har- 
monic set. Consequently, P is conjugate to R and, since it is also 
conjugate to Pi, it is the pole of p. Hence q is conjugate to p. 

Theorem 2, A projective correspondence between two ranges of points 
on the same nondegenerate conic is involutory if and only if it is non- 
parabolic with invariant — 1. 

This theorem follows from the analogous theorem for one-dimensional 
fundamental forms of the first order (Ch. IX, § 7) by virtue of the 
results of Ex. 1 of the preceding paragraph. 

An involution in the points of a conic consists, then, of the pairs of 
points on the conic which separate two fixed points //, K harmon- 
ically. The two fixed points may be real or conjugate-imaginary, that 
is, the involution may be hyperbolic or elliptic. 





Fig. 23 6 
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The line joining the double points H, K is the axis L of the involution. 
Since the pairs of points in the involution all separate harmonically 
the double points, the lines determined by them are, by Th. 1, all 
conjugate to the axis and hence all go through the pole P of the axis. 
Conversely, if the lines joining the pairs of corresponding points of two 
projective ranges on a conic go through a point P, the points of each 
pair of points on the conic collinear with P are interchanged in pairs 
and the projective correspondence is, by definition, involutory. 

Theorem 3. A necessary and sufficient condition that a projective 
correspondence between two ranges of points on a conic be involutory is 
that the lines joining corresponding points go through a point 

This point is known as the center of the involution. The involution 
is hyperbolic if the center is outside the conic, that is, if the tangents 
from the center are real (Fig. 23 a). If the center is inside the conic, 
that is, if the tangents from it are imaginary, the involution is elliptic 
(Fig. 23 6). 

Theorem 3 can be restated in a form which brings out clearly the 
inherent simplicity of an involution on a conic. 

Theorem 4. A pencil of lines whose vertex is not on a nondegenerate 
conic cuts the conic in pairs of points in an involution. Every involution 
in the points of the conic can be thought of as generated in this way. 

We conclude also: 

Theorem 5. An involution in the points of a nondegenerate conic is 
uniquely determined by its center or by its axis. 

The center of an involution can be thought of as the point of inter- 
section of the lines joining the points of two pairs in the involution. 
Hence : 

Theorem 6. An involution in the points of a nondegenerate conic is 
uniquely determined by two pairs of distinct points. 

In other words: 

/ 

Theorem 7. There is a unique pair of points Hy Kona nondegenerate 
conic which separate harmonically each of two given pairs of distinct 
points A\y A 2 and Pi, P 2 on the conic. 

The points P, K are the intersections with the conic of the polar of 
the point of intersection, P, of the lines ^ 1 ^ 2 , P 1 P 2 . They are real or 
conjugate-imaginary according as P is outside or inside the conic. 
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But P is outside or inside the conic according as the given pairs of 
points, ^1, A2 and J5i, -Ba, do not or do separate one another. 

Corollary. According as two given pairs of real points do not 
or do separate one another ^ the points separating both of them harmonically 
are real or conjugate-im, aginary. 

EXERCISES 

1. State and prove the dual of Theorem 1. 

2. Discuss involutions among the tangents to a nondegencrate conic, proving 
the duals of Theorems 2-6 inclusive. 

3. Deduce from Theorem 7 and its corollary the corresponding theorems for 
{a) lines through a point; (6) points on a line. Sec Ch. IX, § 7, Th. 8. 

4. Show that the lines which join two points A and on a nondegenerate 
conic to a third point P on the conic are separated harmonically by the tangent 
at P and the line joining P to the pole of the line AB. 

5. Prove directly that a pencil of lines whose vertex is not on a nondegener- 
ate conic cuts the conic in two projective ranges of points. 


11, Involutions in the Plane. An involution in the plane, that is, 
an involutory collineation of the plane, interchanges in pairs those 



Fig. 24 


points of the plane which it docs not leave fixed. 
If At, A2 and Rx, Ro are two of these pairs 
which are not coll inear, the involution carries 
each of the lines Aiyl2arid R1R2 into itself, and 
hence leaves fixed the point 0 common to these 
lines. 

Since Ai, A2, and 0 arc carried into A2, Ax, 
and O, and Ri, 7^2, and 0 into R2, Ri, and O, the 


harmonic conjugates, A and R, of 0 with respect to Aj, A2 and Ri, R2, 


respectively, are carried into themselves. Their line L is therefore a 


fixed line. 


Since the involution interchanges Ai, A2 and also Ri, R2, it inter- 
changes the lines AxRi and A2RJ, and hence leaves their point of inter- 
section C fixed. Inasmuch as (0 A, A1A2) = (0 R, R1R2), C lies on 
the line L. 


We now^ have on L three fixed points, A, R, C. The projective 
transformation of L into itself w’hich is established on L by the involu- 
tion is consequently the identity. Every point on L is a fixed point. 

Because 0 and each point on L are fixed points, each line through O 
is a fixed line. 
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The point 0 and the points on L are fixed points and the line L and the 
lines through 0 are fixed lines. These are ail the fixed points and fixed 
lines. If there were, for example, an additional fixed point, it would be 
possible to single out four fixed points, no three of which are collinear, 
and the collineation would be the identity, by Ex. 3, End of Ch. X. 

The projective transformation established by the given involution 
on a fixed line through 0 is itself a (one-dimensional) involution. The 
fixed points on the line, namely 0 and the intersection of the line with 
Lj are the fixed points of this involution, and the pairs of points separat- 
ing them harmonically are the pairs in this involution. Thus: 

The points of each pair of points in the involution are collinear with O 
and separate harmonically the point 0 and the intersection of their line 
with L, Dually^ the lines of each pair of lines in the involution meet on 
L and separate harmonically the line L and the line joining their common 
point with 0. 

The point 0 is called the center^ and the line L the axis, of the involu- 
tion. Evidently: 

Theorem 1. There is a unique involution which has a given point as 
center and a given line as axis, provided the point does not lie on the line. 

Since, in the original argument, the center 0 and the axis L were 
determined by the two pairs of points Ai, and Bi, Bi, we also have 

Theorem 2. An involution is uniquely determined by two pairs of 
points, provided that no three of the four points are collinear. 

Relationship between Involutions in a Plane and Involutions on a 
Conic. An involution in a plane transforms into itself any nondegener- 
ate conic with respect to which its center 0 and axis L are pole and 
polar. In particular, it interchanges each two points of the conic 
which are collinear with 0. Thus it establishes in the points of the 
conic an involution. Conversely, if an involution in the points of a 
conic is given, there exists, as can be shown by application of Th. 2, a 
unique involution in the plane which leaves the conic fixed and estab- 
lishes in the points of the conic the given involution. 

EXERCISES 

1. Establish the second half of the italicized statement preceding Theorem 1. 

2. Metric Involutions in the Plane. If the axis of an involution in the metric 
plane is the line at infinity, the involution is the reflection of the plane in a 
inite point. If the axis is a finite line L and the center is the point e.t infinity 
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in the direction perpendicular to L, the involution is the reflection of the plane 
in the line L. Prove these propositions. 

3. Show that there is a unique collineation of the plane which interchanges 
the points of each of two given pairs of points, provided that no three of the 
four points are col linear, and that this collineation is an involution. 

4 . Discuss the relationship between involutions among the tangents to a 
conic and involutions in a plane. 

12. Parametric Representations of Conics. Let Ai^ A 2 t Azhe the 
triangle of reference, and D the unit point of a system of projective 

point coordinates (Fig. -25). Consider 
the projective correspondence between 
the pencils of lines at Ai and Az which 
is determined by the three pairs of cor- 
responding lines hi 63, Ci ’*-*• C3, di" dz 
showm in the figure. Introduce in the 
two pencils projective coordinates based 
respectively on 61, ci, di and bz, C3, ds, and 
denote both coordinates by L The lines 
in the pencils with the same coordinate 
t are, then, corresponding lines. Their equations are 

(1) t Xz “ Xi = 0, t xo — a:i == 0. 

Elimination of t from tliese equations gives the equation of the conic 
generated by the points of intersection of corresponding lines of the 
pencils (§ 5). Consequently, if we solve the equations for Xi, X 2 y Xz in 
terms of t we obtain a parametric representation of the conic: 

(2) xi = X 2 = f, xz= 1. 

Since there is only one type of conic with a real trace in projective 
geometry, equations (2) may be thought of as constituting a normal 
form for the parametric representation of a conic, obtained by a proper 
choice of the coordinate system and the parameter. 

Equations (2) establish a perfect one-to-one correspondence between 
the values of including t = 00 , and the points of the conic. In other 
words, t is a coordinate in the range of points on the conic. But t is also 
a coordinate in the pencil of lines, say, at Au As a matter of fact, it is 
clear that a line L of the pencil and the point P in which it meets the 
conic have the same coordinate t. Hence we conclude: 



Fig. 25 
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Theorem 1. If Pi, Pj, P3, are four distinct Taints on, the conic, 
with coordinates U, U, h, U, then 


(P 1 P 2 , P 3 P 4 ) 


ih - ti)(U - U) 
(U - t-diU - ti) ' 


Theorem 2. The projective transformations of the range of points on 
the conic into itself are identical with the linear transformations 


(3) t' = 7 - 7 - ^ » aih - aibt 0. 

bit + lh 

Thus it is eyident that the theory of projective correspondences 
between two ranges of points on the same conic, or on different conics, 
is analytically equivalent to the corresponding theory for linear one- 
dimensional fundamental forms. 

The transformation (3) admits here the two usual interpretations. 
It may be thought of as representing, not only a projective transforma- 
tion in the points of the conic, but also a change from one coordinate t 
on the conic to a second coordinate The projective theory of points 
on the conic will have the same analytic form in terms of the new co- 
ordinate as it has been shown to have in terms of i. Accordingly, we 
shall call t and every new coordinate V obtained from t by means of a 
linear transformation (3) projective coordinates on the conic. 

From the point of view of the theory of parametric representation of 
curves, equation (3) or the equivalent equation 

— t' "b ^2 

^ hi t' — (ii 

represents a change of parameter ^ whereby the representation (2) be- 
comes 

= ( — hnl' -f uj)-, 

(4) 0-2 = (“ W' + “ ai), 

Xi = Qht' - 

The expressions on the right-hand sides of these equations are of the 
second degree in i' , We are thus led to investigate the general para- 
metric equations of this type. 

Theorem 3. The cquntionn 

Xi = Ont'^ + ^fi?t + cfm, 

X2 = + <^25, 

^3 = asit^ + Cl32t + 033, 


(5) 


A = |a„ J ^ 0, 
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represent a nondegenerate coniCj and the parameter t is a projective co» 
ordinate on the conic. 

Equivalent to (5) are the equations 

AnXi + -421X2 + ^8iX3 = A/2, 

-' 4 i 2 Xi + A22X2 + A 32X3 = A/, 

- 4 i 3 Xi + ^23X2 + ^33X3 = A, 

and the change of coordinates 

Ax'i = (t = 1 , 2 , 3 ) 

1 

reduces these equations to 

Xi = xi = /, xi = 1. 

Hence the theorem is proved. 

Before leaving this subject, the student will find it profitable to read 
once more the paragraph on unicursal curves in Ch. XIII. 

EXERCISES 

1. The equation /' = — / represents an involution in the points of the conic 
(2). Show that the center of the involution is A 2 , 

2. The equation V = k ^ 1, represents a noninvolutory projective trans- 
formation of the points of the conic (2), with Ai and A 3 as the double points. 
Show that the envelope of the lines joining corresponding points is a conic 
which is tangent to the given conic in A\ and A3. 

3. Find the equation in point coordinates of the conic (5). 

4. What do the equations (5) represent when A = 0? 

5. Develop the theory of parametric representations of the lines of a non- 
degenerate conic. 

EXERCISES ON CHAPTER XV 

1. The lines joining three fixed points A, C on a hyjiorbola to a variable 

point on the hyperbola cut a parallel to an asymptote in the points A', C\ 
Show that the ratio A is constant. 

2. Establish the corresponding proposition for a parabola. 

3. Show that, if three fixed tangents to a parabola cut an arbitrary fourth 
tangent in the points A, C, then ABjBC is constant. 

4. Prove that the triangle formed by the asymptotes and an arbitrary tan- 
gent to a hyperbola has a constant area. 

Suggestion. Apply the second part of the dual of Steiner’s Theorem to two 
tangents and the asymptotes. 

5. Show that the locus of a point P which moves so that PAi, PA2 and 
PBu PP2, where Ai, A 2 and Pi, P2 are the pairs of opposite vertices of a 
parallelogram, form a harmonic set, is a central conic with the diagonals of th« 
parallelogram as conjugate diameters. 
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6. Prove that the locus of a point which moves so that two lines with given 
directions through it are always separated harmonically by the lines joining it 
to two fixed points is a hyperbola. Locate its center and asymptotes. 

The four sides of an ordinary quadrilateral turn about fixed points and 
three of the vertices trace fixed lines. Find the locus of the remaining vertex. 

8. The base of a triangle is fixed and the two sides move so that they always 
intercept the same distance upon a fixed line. What is the locus of the vertex? 

9. The vertices of a triangle trace three fixed concurrent lines and two sides 
turn about fixed points. What is the envelope of the third side? 

10. A nondegenerate conic and two points P 2 not conjugate with respect 
to it are given. Find the locus of a point P which moves always so that P\P 
and PtP are conjugate lines. 

11. The base of a triangle always touches a given nondegenerate conic, the 
extremities of the base move on two fixed tangents to the conic, and the two 
sides turn about fixed points. Find the locus of the vertex. 

12. Two men are walking at constant rates, not necessarily equal, along 
intersecting straight roads. At a certain time a tree is in line with the men. 
Are there other times at which the tree and the men are collinear? Discuss 
all possibilitie.s. 

13. A point P traces a fixed line L, The i)oint Q is the harmonic conjugate 
of P with respect to two fixed points on L, and the point P* is the projection of 
Q from a fixed point 0 on a second fixed line U, Discuss the envelope of the 
line PP\ What metric theorem results when L is the line at infinity and the 
fixed points on it are the circular points? 

14. The sides 1 and 4 of the hexagon inscribed in the conic in Fig. 12, p. 260, 
remain fixed while the sides 2 and 5 turn about B and E in such a manner that 
their point of intersection M traces a straight line. Discuss in detail the locus 
of the point N in which the sides 3 and 6 intersect. 

15. A fixed line M and a fixed point F, not on M, are given. A point P 
traces M, and a line L through P moves always so that the directed angle from 
PF to L is constant. I^ove that the envelope of L is a parabola with F as 
focus. 

16. A nondegenerate conic is determined by five points. Show how to 
construct (a) the second point of intersection of a chord through one of the 
five points parallel to the chord determined by two others; (6) the center of 
the conic, if there is a center; (c) the pokar of a point. 

17. A nondegenerate conic is determined by five tangents. Construct 
(o) a sixth tangent parallel to one of the five; (6) the center, if there is a center. 

18. Construct a line parallel to the axis of a nondegenerate parabola which 
is determined by four finite tangents. 

19. A nondegenerate hyperbola is determined by four points and a line 
parallel to an asymptote. Show how to construct (a) this asymptote; (6) a 
line parallel to the second asymptote. 
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20. A parabola is determined by a line parallel to the axis, two finite tangents 
and the contact point on one of them. Show how to construct other tangents. 

21. A conic is inscribed in a triangle and is tangent to two of the sides at 
their mid-points. Show that it is also tangent to the third side at its mid- point. 

22. An arbitrary iiondegenerate conic is passed through four points 0, A, R, 
C, no three of which are col linear. Fixed lines Jj\ and Li through 0 meet the 
conic again in Pi and Pi. Show that the Pascal line of the hexagon OPiABCPzO 
is independent of the conic chosen. 

23. Discuss the envelope of the line P 1 P 2 of the preceding exercise. Sug- 
gestion : Consider the motion of the triangle PiPiM, where M is the intersection 
of PiA and PiC. 

24. Prove by means of Brianchon^s Theorem that the altitudes of a triangle 
formed by three finite tangents to a parabola intersect on the direcjtrix. 

Suggestion: Form the circumscribed hexagon from the three given tangents, 
the tangents perpendicular to two of them, and the line at infinity. 

25. Show that, if two triangles with distinct vertices are inscribed in a non- 
degenerate conic, their sides are tangent to a iiondegenerate conic. 

26. The base of a triangle turns about a fixed point, the extremities of the 
base move on a nondegenerate conic, and the sides turn about fixed points on 
the conic. What is the locus of the vertex? 

27. A nonparabolic projective correspondence between two ranges of points 
on the same conic is given. Show that the enveloFie of the lines joining corre- 
sponding points of the two ranges is a conic which is tangent to the given 
conic at each of the double points of the correspondence. State the dual 
theorem. 

28. A variable triangle is inscribed in a nondegenerate conic and two of its 
sides turn about fixed points. What is the envelope of the third side? 

29. Show that, if a collineation carries a nondegeiierate conic Qi into a second 
conic (> 2 , it establishes between the ranges of points on Qi and Qi a projective 
correspondence. 

30. Prove that there exists a uijique collineation of the plane which carries 
a given nondegenerate conic into' a prescribed nondegenerate conic and es- 
tablishes between the ranges of points on the two coiii(;s a given projective 
correspondence. What does the proposition become when the second conic is 
taken as identical with the first? 



CHAPTER XVI 

PAIRS AND PENCILS OF CONICS 

A. Point Conics 

1. Pairs of Point Conics. Geometrical Discussion. In how manj 
points do two distinct point conics intersect? Our experience tells us, 
four. Certainly not more, in general, for two 
nondegencratc conics which have five points in 
common arc identical. 

1. Consider two nondegenerate conics, Qi and 
Q2, and assume that they do intersect in four dis- 
tinct points Pit Pit P3, Pa- They cannot he tan- 
gent at any one of the four points, for if they were 
tangent at Pi, for example, we should have two 
distinct conics tangent at Pi to a given line and 
passing through P2, Pa, Pa, and this is impossible. 

Two circles which have two finite points in com- 
mon intersect in four dislirict points, the two finite 
I)oints and the circular points at infinity. 

11. Hold the conic Qi in Fig. 1 fast and vary the 
conic Q2 so that its intersections Pi, Pt, P3 with Qi 
remain fixed, while the fourth intersection P4 ap- 
proaches Pi as a limit. Since P4 approaches Pi 
along Qxt the limit of the line P1P4 is the tangent 
to Qi at Pi. It is also the tangent at Pi to the 
conic which is the limit of O2, since it intersects this conic only in Pi. 
Hence Qi and the new conic Q2 are tangent at 
the doubly counting point of intersection, Pi, 
and intersect in P2 and Ps (Fig. 2); that they 
arc not tangent at either P2 or P3 follows from 
Ch. XV, § 4, Th. 3 a. 

An example of this type is furnished by two 
circles which are tangent at a finite point. 

III. If in Fig. 2 w’e allow Q2 to approach a 
new position in such a way that the intersection Fig. 3 
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Pz with Qi approaches the intersection Pa as a limit, we obtain two 
conics tangent to one another in each of two points (Fig. 3 ). 

Two concentric circles are tangent to one 
another at each of the circular points at in- 
finity. Why? 

IV. If, instead of allowing P3 in Fig. 2 to ap- 
proach P2, we allow it to approach Pj, we ob- 
tain two conics tangent at a point which 
counts three times as a point of intersection 
(Fig. 4 ). The other point of intersection P2 
is not a point of tangency, as will be proved presently. 

V. Finally, we allow P2 in Fig. 4 to approach P] 
as a limit. The four points common to Qt and Q2 f 
then coincide in one quadruple point of intersec- f 
tion (Fig. 5 ). V 


Fig. 4 


EXERCISES 

1. Discuss in detail the points of intersection of a Piq, 5 

nondegenerate and a degenerate point conit^, drawing 

figures to represent the various cases possible. Show that all five types of 
intersection actually occur. 

2. The same for two degenerate point conics which do not have a line in 
common. Only four of the five types occur. Which one is missing? 


2 , Continuation. Analytic Proof. To establish beyond question 
the facts brought out in the previous paragraph, we proceed analytic- 
ally, beginning with a careful 
choice of the basic points A\y 
A2, A3, Z> of our system of pro- 
jective coordinates. Let A 2 be 
a point on Qi not also on Q2, A 3 
a second point on Qi, Ai the in- 
tersection of the tangents to Q\ 
at A2 and A3, and D a point on 

X2XZ — Xi = 0, 

while that of Q2 is 

ax\ + hx\X2 + cx\ + dxiXz + ex^xz + fxl = 0, 
where, since As is not on Q2, c 5*^ 0. 



Qx, The equation of Qx is then 


PAIRS AND PENCILS OF CONICS 


281 


Since fla meets Qi only at A 2 and As is not on O2, Qi and Q 2 cannot 
intersect on og. Hence we may assume, without losing points of 
intersection, that 9 ^ 0 and introduce x = xi/xg, y = x^/xz in place 
of xi, xs, xg* The equations of Qi and Qz become 

(1) y = xS 

(2) ax® + bxy + cy^ + dx + ey + f — 0 ^ c 9 ^ 0. 

Our problem is to solve these equations simultaneously. What is 
simpler? The substitution of the value of y from (1) into (2) yields 
the equation 

(3) cx^ + 6xs + (a + e)x2 + dx+/= 0, c 0. 

Since c 7^ 0, this equation has four roots n, rg, rg, Ta. Consequently, 
Qi and Q 2 have in common the four points 

P^: (ri, rl 1), (i = 1, 2, 3, 4). 

The solutions ri, r2, rg, va of (3) determine on 02 the four points 
R^: (ri,0, 1), (f = 1,2, 3, 4). 

The line PtEt goes through A2, for it has the equation Xi = rtXg. 
Hence the point Hi is the projection from ^42 of the point Pi, and vice 
versa. Thus our method of solving equations (1) and (2), interpreted 
geometrically, consists in projecting the possible points of intersection 
of Qi with Qi from A 2 on in discovering four projected points on 02 
and projecting them back on Qi. 

There are five possibilities as to the roots of equation (3) : four simple 
roots; two simple roots and one double root; two double roots; one 
simple root and one triple root; one quadruple root. In each case, 
the sum of the number of times which each distinct root counts is equal to 
foury and this is what we mean when we say that the equation has four 
roots. 

Since the roots r*- of (3) are not necessarily distinct, neither are the 
points Ri nor the points P»*. If certain of the points Ri are identical, 
the corresponding points P,* are identical, and conversely/ Thus a 
point P counts as many times as a point of intersection of Qi and Qn as 
does the corresponding r as a root of (3). Consequently, there are 
five possibilities: four simple points of intersection, two simple points 
and one double point, two double points, one simple and one triple 
point, and, finally, one quadruple point. In every case the sum of 
the number of times each distinct point counts is four. Hence: 
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Theorem 1. Two distinct nondegenerate conice intersect always in 
four points. 

To justify completely the expectations of § 1, we establish the 
following theorem. 

Theorem 2. The two conics are never tangent at a simple point of 
intersection and are always tangent at a multiple point of intersection. 

In proving the theorem, we take, as the point A3, a point of inter- 
section of Q2 with Qi. Then / = 0 and equations (2) and (3) become 

(2') ax^ + hxy + cif + dx + ey = 0, 

(3') + hx^ + (a + e)x^ + dx = 0 , c 9^ 0 . 

The point A3 : a: = 0, ?/ = 0 is a simple or multiple point of inter- 
section of Qi and Qo according as a; = 0 is a simple or multiple root of 
(3'), that is, according as d 5*^ 0 or d = 0. On the other hand, the 
tangents at A3 to Qi and Q2, namely 

2/ = 0 dx + c?/ = O,”** 

are distinct or identical according as d 9^ 0 or d = 0. Thus the 
theorem is established. f 

A multiple point of ijitersection may be a double, a triple, or a 
quadruple point. Accordingly, we recognize three types of tangency. 

Definition. If two nondegenerate conics arc tangent at a point P, 
they are said to have at P two-point contact^ three-point contact, or four- 
point contact according as P is a double, triple, or quadruple poini of 
intersection. If the two conics have two-point contact at each of two points, 
they are said to have double contact at these pomts. 

We have now established the theorems and formulated the definitions 
which are necessary for accurate descriptions of the five possible types 
of intersection. 

I; [Pi, Pa, P3, Pj-t Qi and Qa intersect simply, that is, without 
being tangent, at each of four distinct points. 

• Since Qi is nondegenerate, d and e cannot both be zero. 

t The method of proof of Theorems 1, 2 implies that Qi, and Q 2 have real 
traces and a real point of intersection. However, the method applies equally 
well to complex conics and in this case puts no restrictions on the conics, since 
in complex geometry a triangle does not have to have real vertices in order 
to serve as a triangle of reference for projective coordinates. 

t This symbol denotes four simple points of intersection; similarly, [Pf, Pi] 
means one triple and one simple point of intersection. 
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II: [Pi, P2, P3]. Qi and Q2 have two-point contact at Pi and inter- 
sect simply in each of the points P2, Ps. 

HI: [Pi, PlJ. Qi and Q2 have double contact at the points Pi and 

P2. 

IV : [Pi, P2II. Qi and Q2 have three-point contact at Pi and inter- 
sect simply at P2. 

V: [Pi]. Qi and Q2 have four-point contact at Pi. 

Examples of the first three types were given in § 1 and examples of 
the last two types are readily constructed.* All five types, then, 
actually exist. 

Suppose that one of the given point conics, say Q2, is degenerate. 
Then each line of Q2 intersects Qj in two points and hence Q2 intersects 

in four points. If both conics are degenerate and have not a line 
in common, each line of Qi intersects each line of Q2 in a single point 
and lienee here, too, there are four points of intersection. 

Theorem 3. Two distinct 'point conics which have not a line in 
common intersect always in four points. 

Guided by Theorem 2, we agree to say 
that two point conics, one or both of 
which are degenerate, are tangent at a 
common point P if P is a multiple point 
of intcrsoction.f We agree also to apply 
the definition of the three types of tan- 
gen cy to the present case. This means, 
for example, that the two conics in Fig. 7 a have three-point contact at 
Pi, and that those in Fig. 7 h have double contact at Pi and P2. 

The following proposition will be found useful later. 

Theorem 4. If hvo nondegenerate cojiics Q2 and Q2 have k-point 
contact with a nondegenerate conic Q\ at a point P, they have at least 
k-point contact with each other at P, 

* The conics (1) and (2') have three-point contact at -4 3 if a: = (^ is a triple 
root of (3'), that is, if d = 0, a -f c = 0, 6 0. TIence an example of Typo 

IV is 

y — x^, a(x^ — y) hxy -f = 0, ahe ^ 0. 

T Note that, in the case of a nondegenerate conic Qi and a degenerate coni<j 
Qi, we are specifying, not the conditions under which the separate lines of Qi 
are tangent to Qi — that has already been done — but the conditions under which 
Qi as a whole is tangent to Qi. 



Fig. 7 a Fig. 7 h 
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It, is evident that, if Q2 and Qi are tangent to Qi at P, they are 
tangent to one another at P. Hence the theorem is true when ^ = 2. 

In giving the proof when A; = 3, we take as Qi the conic — y = 0 
and as P the point A3 : x = 0, y = 0. Then, according to the first 
footnote on p. 283, 

Q2: a(x^ — 2/) + + cy^ = 0, ahcj^O, 

Qi: — 2/) + h'xy + c'?/^ = 0, o'6'c' 9 ^ 0, 

are two arbitrary nondegenerate conics having three-point contact 
with Qi at -4 3. That they have at least three-point contact with one 
another at A3 follows from the fact, which we leave to the reader to 
verify, that, of the four simultaneous solutions of their two equations, 
at least three are a; = 0, 2/ = 0. 

A similar proof can be given when A; = 4. 

EXERCISES 

!• Find the points of intersection of each of the following pairs of conics. 

(а) = V + 1, 2 x* + 2 x?/ + 2/* - 2/ - = 0; 

(б) i/*-4x = 0, lOx^ + 16?/« - 40x + 9 = 0; 

(c) X 2 / - X — 2 / = 0, x* + X?/ - 4 2 / = 0; 

(d) xy = 1 , (a; - 1) y = 1. 

2. Construct Jin exanii)le of a pair of nondegenerate conics of Type V. Then 
prove Theorem 4 when A; = 4. 

3. Pencils of Point Conics. General Case. If 

P = Y.aijXiXj =0, tr = J^bijXiXj = 0 

are two distinct point conics, the totality of point conics represented by 
the equation 

(1) kfx-bla = 0, 

when k and I take on all possible pairs of values other than 0, 0, is 
called a peticil of point conics. The conics p = 0 and o- = 0 are known 
as the base conics of the pencil. 

We consider, first, the general case in which p = 0 and = 0 are 
nondegencrate conics which intersect in four distinct points Pi, P2, 

P«, P4. 

In this case, the pencil consists precisely of all the point conics which 
pass through the four points. In the first place, every conic of the 
pencil goes through the four points; for, if one of the points is (n, r^t ra), 
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then p(ri, r2, rz) = 0, erCn, r2, ra) = 0 and the equation 
h p(ri, ra, ra) + I (7(ri, ra, rs) = 0 

is true, no matter what the values of k and I are* Conversely, let C be 
a conic through the four points, and let P : («i, sa, sz) be a fifth point on C. 
Since C is uniquely determined by five points, it will follow that C 
belongs to the pencil if we can exhibit a conic of the pencil which 
passes through P. But such a conic is 


Sa, Sa) p — p(Si, ^? 2 , sa) <r = 0. 


It is evident that a pair of opposite sides of the complete quadrangle 
determined by the four points constitutes a 
degenerate point conic of the pencil, and con- 
versely. Hence the pencil contains three dis- 
tinct degenerate point conics. 

Since the pencil is the totality of conics which 
pass through the points Pi, Po, P3, P4, and since 
each two of the conics intersect in these points, 
any two distinct conics of the pencil may be 
employed as the base conics instead of p = 0, 

<r = 0. In particular, we may take as the base conics two of the de- 
generate conics. Thus, if a = 0, jS == 0 are the equations of the lines 
P1P2, P3P4, and 7 = 0, 6 = 0, those of the lines P1P4, P2P3, we obtain 
as a new equation of the pencil 



( 2 ) + 

If four points Pi, P2, Ps, P4, no three collinear, are given, the point 
conics which pass through them constitute a pencil. If or = 0, /3 = 0, 
7 = 0, 5 = 0 are equations of the lines P}p2, P3P4, P1P4, P2P3, then 
aP — 0 and 7^ 0 are two degenerate conics of the pencil and (2) 

is an equation of the pencil,* 

Conic through Five Points. It is now absurdly simple to, write the 
equation of the conic which passes through five given points. We 
have only to write equation (2) of the general conic passing through 

* If r', r", r'", are the symbolic coordinates of the four points, the ex- 
plicit equation is 

k (x ry'){x -h I r"r"') = 0, 

where (x r'r"), for example, is the determinant | x Fr" | . 
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four of the points and determine h and I so that this conic goes through 
the fifth point.* 

The method may readily be applied to the following affine and metric 
problems: to find (a) the central conic through four given points with 
an asymptote of given slope; (b) the central conic through three given 
points with given slopes for both asymptotes, in particular, the circle 
through three points. 

EXERCISES 

1. Find the equation of the conic through the five points: 

(a) (1,0), (-1,0), (0, !),((), -1,), (1, 1); 

{h) (0, 0), (2, 1), (:i, - 4), (0, 2), (- 2, 0). 

2. Find the equation of the hyperbola which goes through the points (1, 1), 
( — 1, — 1), (1, — 1), (— 1, 1) and has an asymptote of slope 1/3. 

3. 'J'hc same, if the hyperbola goes through the points (1, 0), (0, 1), (1, 1) and 
has asymptotes of slopes 1 /2 and 2. 

4. Find the equation of the circle through the points (1, 2), (-^2, 1), 
(-2,-4). 

4. Continuation. Systematic Treatment. A pencil of point conics 
is the totality of point conics 

( 1 ) kp+la^O, 

which arc linearly dependent on two distinct point conics, 

(2) P “ 0, (T = ^^bijXiXj — 0. 

Two distinct conics of the pencil are 

(3) Pi = kip -f h<^ = 0, P2 = k2P H- feo* = 0, 
where 

A = kil2 — k^li ^ 0, 

A conic linearly dependent on pi = 0, p 2 = 0 is also linearly dependent 
on p = 0, cr = 0, for 

ffi Pi + w P 2 ^ (mki + nk 2 ) p + (7nli + nk) a. 

Conversely, a conic linearly dependent on p = 0, a* = 0 is also linearly 

* If the five points are r', r", r'", the equation of the conic is 

(rV*V^)(r'V"0(xr'r")(a:r'"r*^) - (r'r'V^)(r"ViV^(x rV*^)(x r'V'") = 0. 

If it is assumed, as is necessary in order that the problem have meaning, that 
no four of the five points are collinear, it is always possible to choose from them 
four points, no tliree collinear, as r', r", r'", 
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dependent on pi = 0, p2 = 0, for from (3) 

Ap = Z2P1 /1P2, Ac ^ — hipi + Ajipa, 

and hence 

A(A; p + ? cr) = (AjZz — fe) pi — (fcZi — Ikij p2. 

Thus, the pencil of conics determined by Pi = 0, p2 = 0 is identical 
with the given pencil. In other words: 

Theorem 1. Any two distinct conics of a pencil may he taken as the 
base conics. 

The conic (1) contains the point r if A; and I are so chosen that 
k p(ri, r2, ra) + I p(n, ra, ra) = 0. 

Hence, we conclude 

Theorem 2. Through each point of the plane other than the points 
common to all the conics of a pencil there passes a unique conic of the 
pencil. 

The conic (1), 

k p I c — (A/ a^j “1“ I h%j^x%Xj “■ 0, 

is degenerate if and only if its discriminant vanishes: 

k ail -|~ I bii k ai2 *4“ I bi2 k Ois 4“ I bj^ 

k U21 4“ I Ihi k 022 4" I b22 k ^23 4" I ^23 “ 0. 

k flai 4" I bzi k az2 4* I ^32 k 033 4" I bzz 

This equation becomes 

(4) I aij\ k^ 4- kH + S 2 kP 4- | Ihj | = 0, 

where | a,-, ! , are the discriminants of p = 0, c = 0 and Si and <^2 
are constants depending on the a^s and 5’s. Unless all of its coefficients 
are zero — a case which we exclude here (see Ex. 11) — the equation has 
three roots. Hence : 

Theorem 3. A pencil of point conics contains three degenerate 
point conics. 

Theorem 4. The points of intersection of two conics of a pencil and 
the number of times each point counts are the same for each tivo conics of 
the pencil. 

To prove Theorem 4, we shall first show that the points of intersec- 
tion of pi = 0, p2 = 0 are the same as those of p = 0, <r = 0. The 
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point r is common to p = 0, == 0 if and only if 

(5) p(ri, rj, rs) = 0, a(ri, rz, rj) - 0, 
and common to pi == 0, p 2 = 0 if and only if 

(6) kipin, r 2 , rs) + Zio-(ri, rj, rs) = 0, A; 2 p(ri, r 2 , rz) + i 2 <r(ri, r 2 , ra) = 0. 

That equations (6) follow from equations (5) is obvious. Vice versa, 
since — Wi ^ 0, equations (5) follow from equations (6). Hence 
the points common to the one pair of conics are identical with those 
common to the other pair. 

Secondly, we shall prove that a point is a simple or multiple point of 
intersection of pi = 0, p 2 = 0 according as it is a simple or multiple 
point of intersection of p = 0, cr = 0. For this purpose we shall as- 
sume that p = 0, o- = 0 are the nondegenerate conics (1) and (2') of 
§ 2, namely * 

p ^ y 3^ = Of <r = ax^ + bxy + ci/ + dx + ey ^ 0^ 

and that the point of intersection is ila : x == 0, y = 0. By § 2, Th. 2, 
the point ils is a simple or multiple point of intersection of p = 0, cr = 0 
according as the tangents at ila to p == 0, or = 0, namely 

2 / = 0, dx + ey = 0, 

are distinct or coincident. Similarly, As is a simple or multiple point 
of intersection of pi = 0, p 2 = 0 according as the tangents at Az to 
Pi = 0, p 2 = 0, whose equations are readily found to be 

+ li{dx + ey) = 0, k 2 y + hidx + ey) = 0, 

are distinct or coincident. But the latter tangents are evidently 
distinct or coincident according as the former are distinct or coincident. 
Hence the contention is established.f 

Theorem 4 may now be readily proved by inspection of the various 
possibilities. Suppose, for example, that p = 0, cr = 0 have two dis- 

* Since the pencil contains infinitely many nondegenerate conics (Th. 3), 
and any two of its conics may be taken os the base conics (Th. 1), we may 
assume that p = 0, (t = 0 are nondegenerate conics. Their equations may 
then be reduced to the forms in question by the method of § 2. 

fThe argument fails if the equation given for the tangent at A3 to, say, 
PI s 0 is illusory. But, since the equation = 0 is illusory Daly if r is 

a singular point of the conic = 0, pi = 0 must, in this case, consist of 

two lines through A 9 and hence must intersect p^ = 0 at least twice in A3. 
On the other hand, if the equation hy -f- h{dx -h ey) = 0 is illusory, then 
d = 0 and p * 0, <7 = 0 intersect at least twice in A|. Hence the contention 
is also valid in" this case. 
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tinct points of intersection, one of which is a simple point and the other 
a triple point. Then pi = 0, p2 = 0 must have, as their intersections, 
the same simple point and the same multiple point and, since the total 
number of intersections is four, the multiple point must be a triple 
point. 

It is evident from Theorem 4 that there are five different types of 
pencils of point conics, corresponding to the five types of intersection 
of two conics. 

I: [Pi, P 2 , P 3 , Pj. This is the general case which we discussed in 
detail in § 3. 

Theorem I. The pencil of conics consists of all the point conics pass^ 
ing through four points ^ no three of which are collinear. 

The three degenerate conics are distinct, each consisting of a pair of 
opposite sides of the complete quadrangle P1P2P8P4. 

II: [Pi, P2, Pal- Each two conics of the pencil, since they inter- 
sect twice in Pi, are tangent at Pi. Consequently, all the conics of the 
pencil have the same tangent ^i at Pi. 

Theorem II. The pencil consists of all the point conics which are 
tangent to a given line h at a given point Pi and 
pass through two other points P2, Pz* 

For, every conic of the pencil has these prop- 
erties, and every conic which has them is deter- 
mined by them and a further point, and hence, by 
Th. 2, belongs to the pencil. 

The fKjncil contains two distinct degenerate 
conics, namely ti, P2P3 and P1P2, P1P3. The 
latter counts twice, as may be verified by considering the pencil as a 
limiting case of a pencil of Type I. 

By taking the degenerate conics as the base conics, we Obtain a 
simple equation representing the pencil. Let the equations of ti and 
P2P3 be Ti = 0 and jS = 0, and let those of P1P2 and PiPs be 7 = 0 and 
6 = 0. The desired equation is then 

(7 ) Ati^ + ^T^= 0. 

A simple method now presents itself for writing the equation of a 
conic tangent to a given line fi at a given point Pi and passing through 

• In order that the degenerate conic P1P2, PiPs be covered by this descrip- 
tion we must recognize a line through its singular i)oint as a tangent. 
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three other given points P2, P3, P4. The general conic tangent to ti 
at Pi and going through P2 and Ps has the equation (7), and the con- 
stants A, I in this equation may be determined so that the conic con- 
tains P4. 

The method is applicable to various affine and metric problems, 
for example, to that of finding the parabola through three points with 
an axis of given slope. 


Ill: [P?, pg. 



Each two conics have double contact at Pi and P2. 
Hence all the conics have the same tangents h 
and U at Pi and P2. Conversely, every conic 
which is tangent to h at Pi and to ^2 at P2 is de- 
termined by a further point and therefore, by 
Th. 2, belongs to the pencil. 

Theorem III. The pencil consists of all the 
point conics which are tangent to each of two given 
lines ti and <2 at given points Pi and P2* 


Here, too, there are two distinct degenerate conics in the pencil. 
The tangents k form the one, and the chord of contact taken twice 
constitutes the other. If <1, h have the equations ti = 0, r2 = 0 and 
P1P2 has the equation 7 = 0, then 


(8) k T 1 T 2 + I = 0 

represents the pencil. 

It is easy now to write the equation of the conic tangent to two lines 
at given points and passing through a third point. 


IV: [_Pij P2]. Each two conics of the pencil have 
contact at Pi and hence all have the same tangent 
ti at Pi. There is just one (triply counting) degen- 
erate conic, namely U, P1P2. 'If p = 0 is a nonde- 
generate conic of the pencil and ri = 0 and = 0 
are the equations of U and P1P2, a new equation of 
the pencil is 

(9) k p + I ri/3 = 0. 


three-point 



Fig. 11 


Theorem IV. The pencil consists of all the point 
tonics which have three-point contact with a given nondegenerate conic 
at a given point Pi and intersect this conic simply in a second point P2. 


♦ What agreement must be made in order that the degenerate conic con- 
sisting of the line P1P2 taken twice be covered by this description? 
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It is evident that the conics of the pencil answer this description. 
It remains to show that, if a nondegenerate conic C has three-point 
contact with p = 0 at Pi and passes through P2, it belongs to the pencil. 
Let Ps be a further point on C, and let C" be the conic of the pencil which 
passes through P3 (Th. 2). Since C and C' each have three-point con- 
tact with p = 0 at Pi, they have at least three-point contact with one 
another at Pi; see § 2, Th. 4. But they intersect also in P2, P3 and so 
have at least five points in common. Consequently, C coincides with 
C' and hence belongs to the pencil. 

V: [PQ. Each two conics of the pencil have four-point contact at 
Pi and therefore all have the same tangent h at 
Pi. This tangent counted twice constitutes the only 
degenerate conic in the pencil. A new equation of 
the pencil is 

(10) kp + lTl=0, 

where p = 0 is a chosen nondegenerate conic of the 
pencil and ti = 0 is i-he equation of ^i. 

Theorkm V. The pencil cormsts of all the point conics which have 
four-point contact at a given point with a given nondegenerate conic. 

The proof of this theorem is similar to that of Theorem IV. 

EXERCISES 

Find the equations of tlie following conics. 

1. The conic which is tangent to the line Xi + ^2 — = 0 at the point 

(0, 1, 1) and passes through the ix^ints (— 1, 0, 1), (— 1, 1, 1), (0, 0, 1). 

2. The parabola which has an axis of slope unity and goes through the points 

(0, 0), (1, 0), (0, 1). 

3. The conic tangent to x + y = 1 at (I, 0) and to a: — y = 0 at (0, 0), 
and passing through (3, 2). 

4. The conic which has three-point contact with 2 x* -h 2 /* + x — 1 =0 

at the point (0, 1), meets this conic again in the point (- 1, 0), and passes 
through the origin, ' 

5. All the hyperbolas which have the lines X“7/ = 0, x4-t/-“2 = 0as 
asymptotes. 

6. The hyperbola which goes through the points (1, 0), (0, 1), (0, 4) and 
has the line 4 x — 2 ?/ -f- 5 = 0 as an asymptote. 

7. The hyperbola which goes through the |K»int (1, 3), is tangent to the 
?/-axis at (0, 4), and has the line x — 2 / — 2 = 0asan asymptote. 
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S* Show that a 'pencil of point conics contains in general * just two parabolas. 

9. Find the equations of the parabolas which pass through the four points 
(0, 2), (0, - 2), (1, 2), (4, - 4). 

10. Find the equations of the degenerate conics of the pencils determined by 
the pairs of conics of § 2, Ex. 1. 

11. Prove that, if two degenerate point conics have a line in common or a 
singular j)oint in common, the pencil of conics determined by them consists 
entirely of degenerate conics. Show that these are the only cases in which all 
the conics of a pencil are degenerate. 

5. Conditions and Degrees of Freedom. A demand upon a conic 
which is equivalent to one analytic condition on the coefficients in the 
equation of the conic is known as one condition on the conic. The 
demand that a conic go through a given point places one condition on 
it, and the demand that it go through three points puts on it three 
conditions. 

The general conic dcptinds on five independent parameters, or has, 
as we say, five degrees of freedom. If three independent conditions are 
placed on the conic, three independent relations subsist between the 
five parameters. There are, then, oo^ satisfying the three condi- 
tions ; or, the general conic satisfying them has two degrees of freedom. 

Demanding that a conic be tangent to a given line at a given point 
puts two independent conditions on the conic, for there still remain 
three degrees of freedom — we may still demand that the conic go 
through three further points. 

Again, the fact that there are oo® circles in the plane is a direct 
corollary to the fact that a conic is a circle if and only if it passes 
through the two circular points. 

6. Conics Tangent to a Given Conic at a Given Point. Let it Ije 

required to determine the number and the equation of the point conics 
which have A:-point contact with a given nondegencrate conic p = 0 
at a given point P. 

The theory of pencils suggests that, if we find the most general 
degenerate point conic -which has A;-point contact with p = 0 at P, 
the conics which are linear combinations of p = 0 and this degenerate 
conic -will constitute all the required conics. To establish the validity 
of this claim, it suffices to show that an arbitrarily chosen point conic 
having A;-point contact with p = 0 at P is linearly dependent on p = 0 


♦ The exceptions are discussed in § 8, Ex. 9. 
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and some degenerate point conic having A;-point contact with p = 0 at 
P. This is readily proved. We have merely to take, as the degener- 
ate conic, a degenerate conic of the pencil determined by the chosen 
conic and p = 0. 

Four-Point Contact. There is just one degenerate point conic which 
has four-point contact with p = 0 at P, namely the tangent r = 0 at P 
counted twice. Hence all the required conics are given by 

(1) m p + T* = 0, 

and form with p = 0 a pencil of Type V. 

Theorem 1. There are ooi point conics which have four-point contact 
with p = 0 at P. 

Application of Th. 2 of § 4 yields the following important theorem. 

Theorem 2. There is a unique conic which has four-point contact 
with a given nondegenerate conic at a given point and passes through a 
second given point, not on the given conic. 

Three-Point Contact. If a = 0 is an arbitrary line through P other 
than r = 0, the most general degenerate point conic which has three- 
point contact with p = 0 at P is ar = 0, and the required conics are 

(2) m p + ar = 0. 

This equation contains two independent arbitrary constants. One 
of them is m and the other is contained in a = 0. 

Theorem 3. There are point conics which have three-point con- 
tact with p = 0 at P. 

If a = 0 is allowed to take on the position of r = 0, the conics (2) 
include the conics (1). Equation (2) then represents the oo * conics 
each of which has at least three-point contact with p = 0 at P. 

Since the general conic (2) depends on two parameters, we can sub- 
ject it to two further conditions. Thus we are led to predict the follow- 
ing proposition. 

Theorem 4. There is a unique point conic which has at least three- 
point contact with a given nondegenerate conic p = 0 a given point P 
and passes through two other points P\ and P 2 , not both of which lie on the 
tangent t to p = 0 at P. 

Two conics satisfjdng the requirements would intersect in at least 
five points and hence be identical.* 

* The alternative is that they both be degenerate and have in common the 
line tj and that t contain all the points of intersection. This is impossible be- 
cause of the assumption that Pi and P 2 do not both lie on L 
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In proving that there is a conic satisfying the given conditions, we 
assume that Pi is not on t and choose a point -4 on p = 0 not lying on 
PPi, In the pencil of conics which have three-point contact with p = 0 
at P and meet p == 0 again in A, there is a conic cr = 0 passing through 
Pi, and this conic, since Pi lies on neither t nor PA, is nondegenerate. 
Again, in the pencil of conics which have three-point contact with 
<r = 0 at P and meet o' = 0 again in Pi, there is a conic k = 0 which 
goes through Pa. This conic k == 0 evidently passes through Pi and 
Pi. Since it has three-point contact with o^ = 0 at P and a — 0 has 
like contact at P with p = 0, it has, by § 2, Th. 4,* at least three-point 
contact with p = 0 at P. It is therefore the conic sought. 

Corolla KY. There is a unique circle which has at least ihree-point 
contact with p = 0 a finite point P. 

The corollary implies that this circle, of all the circles tangent to 
p = 0 at P, has the highest contact. Accordingly, it is the osculating 
circle, and its center and radius are the center of curvature and radius 
of curvature of the conic p = 0 at the point P. 

The conic determined by the conditions of Theorem 4 has, in gen- 
eral, precisely three-point contact with the given conic at the given 
point, ^liat the contact may, howevei’, be four-point contact is clear 
from the proof of the theorem. An example in which this is actually 
the case is to be had in the osculating circle to a conic at a vertex. 

Two-Point Contact. Corresponding to the fact that a pencil of 
Type II contains two distinct degenerate conics, there are two choices 
here of the '‘most generar^ degenerate conic having two-point contact 
with p = 0 at P. We may take it as ar = 0, whore r = 0 is, as before, 
the tangent to p = 0 at P and a =• 0 is now any line not passing 
through P; or as = 0, where = 0, y = 0 are any lines through P 
distinct from r == 0. We thus obtain for the conics having two-point 
contact with p = 0 at P the alternative equations 

(3) m p + (XT = 0, m p A- fiy = 0. 

Theorem 5. There are oo^ point conics haring three-point contact 
with p = 0 at P. 

If we remove the restriction on a = 0 and permit either or both 

* The theorem applies only when « = 0, as well as p = 0 and a — 0, are 
noadegenerate. But if <c = 0 is degenerate, it consists of t and PPi imd ob- 
viously has tlirce-point contact with p == 0 at P. 
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of the lines jS = 0 , 7 = 0 to coincide with r = 0 , each of the equations 

(3) represents the 00 s conics which have at least two-point contact with 
p = 0 at P. 

Double Contact, The point conics which have double contact with 
p = 0 at two points Pi, P -2 form with p = 0 a pencil of Type III. 
Alternative equations for them are 

(4) m p + T 1 T 2 =0, m p + 7^ = 0, 

where ti = 0 , r 2 = 0 are the tangents to p = 0 at Pi, P 2 and 7 == 0 is 
the line P 1 P 2 , 

EXERCISES 

Find the equations of the following conics. 

1. The conic which has four-point contact with x* H- 2 2 /* ■» 3 at the point 
(1, 1) and goes through the origin. 

2. The conic which has double contact with x* + 4 2 /* = 100 at the points 
(0, 4) and (6, — 4) and contains the point (3, 4). 

3. The conics which have at least three-pt)int contact with the parabola 
?/* — 2 X + 2 / — 4 — 0 at the tK)int (1, 2). In particular, that one of these 
conics which passes through the points (—1,0) and (0, 0). 

4 . The osculating circle to == 4 x at the point (1, 2). Find the center and 
radius of curvature. 

5 . The conic which has at least two-point contact with the parabola of Ex, 3 
at the point (4, 3), is tangent to the line x -|- 2 / + 2 == 0 at the point ( — 1, — 1 ), 
and goes through the point (0, — 1). 

6. Show, by reference to the text, that the demand upon a conic that it 
have at least /c-point contact with a given conic at a given point places k 
conditions on the conic. 

7. Projective Applications. The pairs of lines 1, 1, 2, 2, 3, 3 in 
Fig. 8 are known as pairs of opposite common chords of the two conics 
shown in the figure. In general, two lines which form a degenerate 
conic of the pencil of point conics determined by two given conics 
constitute a pair of opposite common chords * of these conics. 

Theorem 1. If each of two point conics has double contact wyih a third, 
their chords of contact with the third and a pair of their opposite common 
chords are concurrent. 

Let p = 0 be the equation of the third conic and a = 0 and 0=0 

* The terminology is somewhat unfortunate in that pairs of opposite common 
chords, as defined, may include lines which are actually common tangents, 
for example, ti, P 2 P 1 in Fig, 9, or < 1 , h in Fig. 10. 
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the equations of the chords of contact of the first and second conics 
with the third. The first conic, since it is a member of the pencil 
^ ^ determined by the conics p = 0 and 

a* = 0, may have its equation written in 
the form 

(A) 0- = p + fc oc* = 0, 

Similarly, the equation 

(B) T s p + Z ~ 0, Z 7*^ 0, 

1^2 for a proper choice of Z, represents the 

second conic. 

A pair of opposite common chords of (A) and (B) constitutes a 
degenerate conic of the pencil determined by (A) and (B), and must be 
a linear combination of o' = 0 and r = 0. An obvious linear combina- 
tion of cr = 0 and r = 0 which represents a degenerate conic is 

(T — r = fc — Z = 0. 

Hence the four lines in question are 

a=0, (3=0, Via + V/^=0, V&a-VF|3=0. 

They not only are concurrent, but form a harmonic set.* 


Theorem 2. If three point conics have 
a common chord , and the three conics are 
taken in pairs and the common chord of 
each pair which is opposite to the given 
common chord is drawn, the three resulting 
lines are concurrent. 

Let the equation of the conic (1) in 
Fig. 14 be 

(1) P = 0, 

and let that of the common chord of the 

three conics be a = 0. 

If ^ = 0 is the common chord of conics 



Fig. 14 


* Critique, li p 0 is a doubly counting line, the theorem is not in general 
true. If a = 0 and = 0 are identical or if <r = 0 or t = 0 is a doubly count- 
ing line, the theorem is trivial. When these possibilities are excluded, the 
proof is impeccable. The conics p = 0 and = 0 cannot be identical; 
<r « 0 is therefore a linear combination of them and, since = 0 cannot be 
a® *= 0, this linear combination can be written in the form (A). Equation 
(B) is similarly justified. Finally, inasmuch as /r/ 5*^ 0 and a = 0, ^ 0 are 

distinct, the four lines in question do form a harmonic set. 
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(1) and (2) which is opposite to a = 0, then = 0 is a degenerate 
conic of the pencil determined by the conics (1) and (2), and the ooni« 

(2) has an equation of the form 

(2) <r = A; p + ajS = 0. 

Similarly, the equation 

(3) T = ^ p + cry = 0, 

where 7 = 0 is the common chord of (1) and (3) which is opposite to 
a = 0, represents, for a proper choice of ?, the conic (3). 

The common chord of (2) and (3) which is opposite to a = 0 con- 
stitutes with a = 0 a degenerate conic of the pencil determined by a- = 0 
and r = 0. Since this degenerate conic evidently is 

Z <r — /c r = a(; jS — A; 7) — 0, 

the desired common chord of (2) and (3) is Z — ky == 0. 

We now have as the equations of the required lines = 0, 7 = 0, 
— ky = Oy and the theorem is established.* 

The theorem yields Pascars Theorem as a special case (Fig. 16). 
The given conic Q and the degenerate conicjs 1 , 5 
and 2, 4 have the line BF as a common chord. 

The opposite common chord of Q and 1,5 is 6; 
that of Q and 2, 4 is 3; and that of 1, 5 and 
2, 4 is the line which joins the point of intersec- ^ 
tion of 1 and 4 with that of 2 and 5. Hence 
the point of intersection of 3 and 6 lies on this 
line. 

Theorem 3. If each of three point conics has 
double contact with a fourth point conicy and the three conics are taken 
by twos and a certain pair of opposite common chords arc drawn, the six 
resulting lines pass by threes through four points, 

Brianchon's Theorem may be obtained as a special case of this 
theorem. 

* Critique. If two conics are degenerate and have a line in common, they 
have, not one, but infinitely many common chords opposite to this line. Ac- 
cordingly, we assume that at most one of the given conics contains a = 0 
and that p == 0, in particular, does not contain a = 0. Since p = 0 is then 
distinct from a/3 = 0 and ay = 0, the conics (2) and (3) can have their equa- 
tions written in the forms (2) and (3) and, inasmuch as at most one of these 
conics contains a = 0, at most one of the constants k, I can vanish. Thus the 
proof of the theorem is checked. 
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EXERCISES 

1. What does Theorem 1 become when a «= 0 and r = 0 are taken as de- 
generate conics, consisting of pairs of tangents to the nondegenerate conic 
^ = 0 and not having a line in common? 

Ans. A special case of Brianchon’s Theorem. 

2. The same, if p == 0 is a degenerate conic consisting of two distinct lines 
and <r = 0 and r = 0 are nondegenerate. 

3. Prove that two opposite common chords of a hyperbola and an ellipse 
which is tangent to the as 3 mriptotes of the hyperbola are parallel to the chord 
of contact of the ellipse with these asymptotes and equally distant from it. 

4. What does Theorem 2 become in each of the following cases? 

(a) When the two points common to the three conics arc / and J, 

(b) When just two of the conics are circles. 

(c) When the three conics, instead of having a common chord, are all tangent 
to a given line at a given point. 

(d) When each of the conics consists of two distinct lines passing respec- 
tively tlirough two given points. 

5. 'Fwo nondegenerate conics intersect in two real, and two conjugate-imagi- 
nary, points. Give a construction for the common chord determined by the 
two imaginary points. 

6. Four points A, R, C, D trace respectively the four sides of a parallelogram 
so that the lines AC and BD remain always parallel to sides of the parallel- 
ogram. Find the locus of the point of intersection of the lines AB and CD. 

7. Prove Theorem 3 and criticize both the theorem and the proof. 

8. Obtain Brianchon’s Theorem as a special case of Theorem 3. 

9. If through the point of contact of two noridegenerate conics of Tyi)e II a 
line be drawn meeting the conics again in Pi and P 2 , the tangents to the conics 
at Pi and P 2 intersect on the common chord of the two conics which is opposite 
to their common tangent. 

8. Similar and Similarly Placed Conics. 

Definition. Two nondegenerate conics are said to he similar and 
similarly placed when they have the same eccentricity * and their corre- 
sponding axes arc parallel. 

Central Conics, If two hyperbolas are similar and similarly placed, 
the asymptotes of the one are parallel to those of the other. This is true 
also of two conjugate hyperbolas or, more generally, of any two hyper- 

* In the case of a central conic, which has two eccentricities (Ch. VIII, § 9), 
we mean here the eccentricity associated with the axis containing the real 
foci. This is the uaual eccentricity of elementary anal 3 d,ic geometry when 
the conic has a real trace. P'or the representative conic without a real trace, 
x^/a* “h y^/b^ = “ 1, a > 6, it is c/bi; the real foci of this conic lie on the 
y-axifi. 
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bolas each of which is similar and similarly placed to the conjugate of 
the other. In either case, the two hyperbolas intersect the line at 
infinity in the same points. Conversely, if two hyperbolas have the 
same points at infinity, they are similar and similarly placed or each 
is similar and similarly placed to the conjugate of the other. 

These considerations apply equally well to ellipses provided we 
define two ellipses as conjugate whose equations can be reduced to the 
forms 



= 1 , 


+ l 


by the same change of metric coordinates. Hence: 

Theorem 1. Two central conics are similar and similarly placed or 
each is similar and similarly placed to the conjugate of the other if and 
only if they have the some points at infinity. 

The following theorem is now readily proved. 

Theorem 2. There are oo® central conics which are similar and simi^ 
larly placed to a given central conic p = Q or to its conjugate. They are 
the nondegenerate conics defined by the equation 

( 1 ) p kotxz= 0, 
where a = 0 is an arbitrary line. 

Circles have been tacitly excluded from the foregoing discussion 
inasmuch as the definition is inapplicable to them; see Ex. 4. 

Parabolas. Two parabolas are always similar. They are similarly 
placed if their axes are parallel, that is, if they are tangent to the line at 
infinity at the same point. 

Theorem 3. There are qo s parabolas similarly placed to a given pa-- 
rabola p = 0. They are the nondegenerate conics defined by the equation 

(2) p + k axz = 0, 
where a = 0 is an arbitrary line. 

From equations (1) and (2) we conclude that, if the coefficients of 
the quadratic terms in the equations in nonhomogeneous coordinates 
of two nondegenerate conics are equal or proportional, the two conics 
are similar and similarly placed or each is similar and similarly placed 
to the conjugate of the other, and conversely. 


EXERCISES 

1. Prove that two parabolas have four-point contact at infinity if and only 
if they are congruent, have the same axis, and open in the same direction. 
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2. There are oo® parabolas with a given line as axis. Derive an equation 
which represents them all. 

3. Under what conditions will two parabolas have thi’ee-point contact at 
infinity? 

4. Show that, if two circles are said to be similar and similarly placed if they 
both have real traces or both are without real traces, and a definition of con- 
jugate circles analogous to that of conjugate ellipses is introduced, Theorem 2 is 
valid when p = 0 is a circle. 

5. Prove that two nondegenerate conics are similar and similarly placed if they 
are equivalent (Ch. XIV, § 4) with respect to the group of homoihetic transforma- 
tions * 

X* ^ px + ay 2/' = p 2/ + 6, P 9^0. 

6. Prove that, if a conic has double contact in finite points with one of two 
similar, similarly placed, and concentric central conics, two opposite chords 
which it hjis in common with the other are parallel to the chord of contact and 
equally distant from it. 

7. Discuss in detail thtj (?entral C/Onics which ai*e concentric with a given cen- 
tral conic and are similar and similarly placed either to it or to its conjugate. 

8. Show that, if for each two of three similar and similarly placed conics a 
certain finite common chord is drawn, the three resulting lines are concurrent. 

9. It is evident geometrically that a pencil of similar and similarly placed 
conics contains no parabolas or consists exclusively of parabolas. Verify 
analytically and show that this Is the only case in which a pencil of point conics 
fails to contain just two parabolas, distinct or coincident. 

9- The Biquadratic Equation. The equation 

(1) f{t) = "h (^2^ ■+■ CL^t H- «4 = 0 

is usually solved by factoring the polynomial /(/) into two quadratic 
factors. The algebraic devices by means of which the factorization is 
effected are not easily kept in mind. In their stead we shall introduce 
a geometric device, whereby f^t) is replaced by a quadratic polynomial 
FiXf y) whose discriminant vanishes. The problem of factoring f{t) 
into quadratic factors will then be reduced to the problem of factoring 
F(x, y) into linear factors, that is, to the familiar problem of finding 
the constituent lines of the degenerate point conic F{Xy y) = 0. 

The polynomial F{Xj y) is obtained from/(0 by replacing the powers 
of t in f{t) by properly chosen products of powers of x and y. Each of 

♦This group of homothetic transformations is more general than that of 
Ex. 2, End of Ch. VII, in that here p is not restricted to be positive. The 
content of the theorem might have been taken as definition, in the place of the 
separate definitions for circles and nondegenerate conics, not eircles, it is also 
applicable to degenerate conics. 
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the powers of except can be written in just one way as the product 
of at most two factors of the forms and as follows: i 

=z * tj t = L On the other hand, can be expressed either as or 
mt't If, then, we write 

f(t) = -j- \ 4" (u2 “* “1“ o>zt “f* diy 

and replace and i respectively by x and 7j, we obtain the desired 
polynomial : 

(2) F(x, 2/) = x* + aixy + X + (aj - \)x + a^y + 04. 

If the parameter X is so chosen that the conic F{x, ?/) = 0 is degener- 
ate, F{Xy y) can be factored into linear factors: 

Fix, y) = (x + biy + €i)ix + 62^ + C2). 

Hence 

F(«2, 0 = it^ + bit + c,)(/2 + b^t + C 2 ). 

But it is evident from (2) that 0 = /(O and therefore 

f{t) s + bit + ciW + M + C2). 

Thus we have established the following theorem. 

Theorem 1. If X is so chosen that Fix, y) is factorable into linear 
factors, these factors become the quadratic factors of f(t) when for x and y 
are set and t respectively. 

The values of X for which Fix, y) is factorable are the solutions of 
the equation obtained by equating the discriminant of Fix, y) to zero: 

(3) X3 - 2 aoX^ + (aiaa + al - 4 a4)X + (aia4 - aia^a^ + a\) = 0. 

This equation is known as the cubic resolvent of the given biquadratic 
equation. 

Fjxample. Let the given equation be 

fit) = t* + i^ -7i- + 2t + ^ = 0. 

Then 

Fix, ?/) ^ + X2/ X 2/2 — (7 -f X)a; + 2 ?/ + 4 , ^ 

and (3) becomes 

X^ + 14 X2 + 35 X + 22 = 0. 

This equation has as its roots — 1, - 2, — 11. Of these three values 
of X, only the second, X = - 2, renders the quadratic terms in Fix, y) 
factorable into linear factors with rational coefficients. Setting 
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X = — 2 ia F{x, y) and factoring, we have 

F{x, ?/) = (z — y — 1) (a: + 2 1 / — 4). 

Hence 

f(t) ^ (<2 _ f _ 1) (<2 + 2 i - 4), 
and the roots of f{l) = 0 are 

i-d + V^), i(i-V5), -i-VH, -i + VH. 

Geometric Interpretation, The equation 

y) ^ o-iV + 0 . 4 ) + \(if — x) = 0, 

where X is arbitrary, represents the pencil of point conics whose base 
conics are 

(4) + aixy -f a^x + a^y + ^4=0, y‘^ — x = 0. 

The roots of the cubic resolvent (3) cloterinine tlic degenerate conics of 
the pencil. 

The equation whicii results from the elimination of x from equations 
(4) is evidently /(//) = 0. Hence: 

Theorem 2. The solutums of the biquadratic equation are the y-co^ 
ordinates of the points common to all the conics of the pencil. 

Corresponding to the five types of pencils of conics arc the five 
possibilities as to tlic multiplicities of the roots of the biquadratic 
equation. Thus, if the pencil of conics is of Type IV, the Vhquadratic 
equation has one triple root and one simple root."*^ 

If the pencil of cionics is of Type I, the roots of the biquadratic equa- 
tion are distinct. The polynomial f{i) can then be factored into 
quadratic factors in three essentially different ways, whicli correspond 
respectively to the three distinct degenerate conics of the pencil and 
to the three corresponding solutions of the cubic equation (3). 

Graphical Solution, By the usual method f uf adding a suitable 
quantity to tln^ roots of (1), Ui can be made zero. We assume that 
thereby as is not also made zero; other\vise/(0 would be quadratic in 

* It is essentinl in this connection to note that, inasmuch as one of the base 
conics is the parabola — x = 0, tw'o distinct points common to the conics 
of the pencil c,an never have the same y-coordinates. Otherwise a double 
root, lot us say, of the biquadratic eciuation might correspond to two distinct 
points of intersection of the conics of the pencil and the correspondence be- 
tween the five possibilities for the roots of the equation and the five types of 
pencils would be vitiated. 

t See, for example, Rietz and Crathorne, College Algebra, Revised Ed., 
§98. 
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Since as 5^ 0, the roots can now be multiplied by a quantity so chosen 
as to make o* = — 1. Thus, /(<) is reduced to the form 

(5) fit) = + 2 i + 64. 

The base conics of the pencil are now the two congruent parabolas 
[a: + - [2/ — (64 — 6i)J = 0, — x = 0 , 

and the t/-coordiiiates of the points of intersection of these two para- 
bolas are the roots of the reduced equation (5). 

The following method of finding graphically the real roots im- 
mediately presents itself. On a sheet of coordinate paper construct 
the parabola y* — a: = 0. On a sheet of tracing paper draw, to the 
same scale, the parabola — y' = 0. Place the tracing paper on the 
coordinate paper so that the axes of the two parabolas are perpendicu- 
lar and the vertex of the parabola on the tracing paper covers the point 
( — ^2, hi — bl) on the coordinate paper, and then read off the ordi- 
nates of the points of intersection of the two parabolas. 

EXERCISES 

Solve each of the following equations algebraically and graphically. 

1. ^4 4- <8 _ 6 ^2 « 5 e -I- 3 0. 

2 . ^4 + - 11 - 10 « 4- 4 = 0. 

3. ^4 + 6 4- 5 - 12 f -h 4 = 0. 

4 . 4 /4 - 7 - 5 « - 1 = 0. 

B. Line Conics 

10. Pairs of Line Conics. We content ourselves in this and the 
following paragraph with a statement of the facts, leaving the proofs 
largely to the reader. 

Theorem 1. Two distinct line conics which have not a point in corn- 
won always have four common tangents. 

In the general case in which the given line conics Qi, Q2 are nonde- 
generate, the theorem may be established by dualizing the proof of 
Theorem 1, § 2. The basic lines of a system of projectivfe line co- 
ordinates are chosen as follows: 02, as, d as tangents to Qi, 02 not also 
tangent to ^2) and fli as the chord of contact of the tangents a2, a*. 
The equations of Qi, O2 in the forms which they then assume in the 
nonhomogeneous coordinates u = ui/ui, v = U2luz^ namely 

(1) a = tx® 

(2) ou® + buv 4- ci>* + dw 4- cv + / = 0, 


C5^0, 
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have the four simultaneous solutions (r<, rf), t = 1, 2, 3, 4, where 
r\, r*, Tz, u are the roots of 

cu* + bv? + (a + e)u^ + dw + / = 0, c 5 *^ 0. 

Consequently, Qi and Q 2 have in common the four tangents 
r<: {Ti, tX 1), (i = 1, 2, 3, 4). 

Exercise. Expand the foregoing proof, justif 3 dng the assumption that 
wa 0 and interpreting geometrically the method by which equations (1) and 
(2) are solved. 

Theorem 2. The two line conics are never tangent to one another on a 
simple common tangent and are always tangent to one another on a mul- 
tiple common tangent 

This statement says, in the case in which the conics are nondegener- 
ate, that the points of contact of Qi and Q 2 with a common tangent T 
coincide when and only when T counts at least twice as a common 
tangent. When one or both of the conics are degenerate, it is no 
longer to be taken as a proposition to be proved, but as a definition of 
tangency of Qi and Q 2 . 

Definition. 2f two line conics are tangent to one another on a common 
tangent T, they are said to have two-line, three-line, or Jour-line contact 
according as T is a double, triple, or quadruple common tangent If the 
two conics have two-line contact on each of two lines, they are said to have 
double contact on these lines. 

We are now in a position to classify pairs of line conics according to 
the nature of their common tangents. 

I: [Ti, T 2 , Tzt TJ. Qi and Qz have four distinct common tangents. 
Each of these is a simple common tangent: Qi and Qz are nowhere 
tangent to one another. 

II: [Tj, Tz, Ta]]. Qi and Qz have two-line contact on Ti and have 
Tz and Tz as simple common tangents. 

Ill: [T?, Tz]. Qi and Qz have double contact on the lines T\ 
and Ta. 

IV: [Ti, Tz]. Qi and Qz have three-line contact on Ti and have Tz 
as a simple common tangent. 

V: [TQ. Qi and Qz have four-line contact on Ti. 
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The five types are illustrated, for nondegenerate conics, by Figs* 
lfi-20. In Fig. 21 we have a special case of Type II in which Qt 
consists of two distinct points lying on a tangent to Qi, and in Fig. 22, 
a case of double contact in which both Qi and Q 2 are degenerate, one of 
them consisting of a single point counted twice. 



By means of the method employed in the proof of Theorem 1, the 
following proposition can be established. 

Theorem 3. If two nondegenerate conics have h-line contact with a 
given nondegenerate conic on a line T, they have at least k-line contact 
with each other on T. 

EXERCISES 

1. Discuss pairs of line conics from a geometrical standpoint analogous to 
that of § 1. 

2. Prove Theorem 2, in conjunction with the Exercise in the text. 

3. Construct an example of a pair of nondegenerate conics of Type IV. 
Then prove Theorem 3 when k = 3. 

4. Show that, if two nondegenerate conics have double contact on two lines, 

they have double contact at two points, and vice versa. / 

5. Discuss in detail the tangents common to a nondegenerate and a de- 
generate line conic. 

6. Exhibit a pair of degenerate line conics of Type II. 

11. Pencils of Line Conics. The totality of line conics 

k p + l<r = 0, 


( 1 ) 
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linearly dependent on two distinct lim conics, 

P = = 0, (T = J^bi/UiUj = 0, 

is called a pencil of line conics. 

A pencil of line conics has the following properties. 

A. Any two distinct conics of the pencil may be taken as the Vy 4 /Se 
conics. 

B. There is a unique conic of the pencil tangent to a given line of the 
plane other than the tangents common to all the conics of the pencil. 

C. The pencil contains three degenerate line conics.* 

D. The tangents common to two conics of the pencil and the num- 
ber of times each counts are the same for each two conics of the pencil. 

According to Property D there are five types of pencils of line conics, 
corresponding to the five tyi)es of pairs of line conics. 

I: [Ti, Ta, Ta, Tj. The pencil consists of all the line conics tan^ 
gent to four lines, no three of which are concurrent. 

The degenerate conics of the pen- 
cil consist of the pairs of opposite 
vertices of the complete quadrilateral 
formed by the four lines. Taking two 
of those conics, for example a/3 = 0 
and yb = 0, whore a = 0, = 0, 

7 = 0, 5 = 0 are the equations in line 
coordinates of the points indicated in 
the figure, as new base conics, we 
obtain 

(2) kaP^lyb=0 

as a simple equation of the pencil. 

Let the reader show how these re- 
sults may be applied to find the equa- 
tion of the line conic which is tangent 
to five given lines. 

II: [T\, Ti, T{]. The pencil consists 
of all the line conics which are tangent 
at a given point Pi to a given line Ti and 
tangent to two other lines T 2 , Ts. 

There are two distinct degenerate 
conics, TTijS = 0 and yb = 0 (Fig. 24). Which one counts twice? 

* We exclude here the cases in which all the conics of the pencil are degen- 
erate. 


7*0 



Fig. 24 
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Taking the degenerate conics as base conics, we obtain a new repre- 
sentation of the pencil, 

(3) + = 0, 

by means of which we can readily solve the problem of finding the 
equation of the line conic tangent to a given line 
at a given point, and to three other lines. 

Ill: []Ti, ri]. The pencil consists of all the 
line conics which are tangent at two given points 
Pi and Pi to given lines Ti and Ti. 

The line conics iriiTi = 0 and 7* = 0, Fig. 25, 
are the degenerate conics of the pencil and the Pjq 25 

equation of the pencil based on them is 

(4) k TTiTi + I = 0. 

What general problem can be solved by the aid of this equation? 

IV: [Ti, T2]. The pencil consists of all the line conics which have 
threcdine contact with a given nondegenerate 
conic on a given line Tv and have in common 
with this conic a second tangent T'2. 

The pencil contains just one (triply 
counting) degenerate conic, irifi = 0. If 
p = 0 is one of its nondegenerate conics, a 

k p I TTijS = 0. 

V: We leave to the reader the discussion of this case. 

EXERCISES 

Find the equations in line coordinates of the following conics. 

1. The conic tangent to the five lines (1, 0, 1), (— 1, 0, 1), (0, 1, 1), 

( 0 , - 1 , 1 ), ( 1 , 1 , 1 ). 

2. The parabola in the pencil of line conics determined by 2 vv = 3, 

a*® + i?* — 1 = 0. ^ 

3. The hyperbola which has — y = 0 as an asymptote and is tangent to 
the lines + y = a; = 3, 5 a:— 42/ = 4. 

4. The conic which is tangent to a:i + 0:2 — a:,, = Oat (1, 0, 1), toxi — X2 = 0 
at (0, 0, 1’), and to xi — 4 xg = 0. 

5. The parabola which has an axis of slope unity and is tangent to the 
line (— 1, — 1) and to the coordinate axes. 

6. The hyperbolas of § 4, Ex. 5. 



Fia. 26 


new equation for it is 
(5) 
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7. Show that the pencils of point conics of T 3 rpe III and the pencils of line 
conics of Type III are identical, except for their degenerate conics. 

8. Discuss a pencil of line conics of Type V. Then prove that the pencils 
of point conics of Type V and the pencils of line conics of Type V are identical 
except for their degenerate (jonics, provided it is assumed that four-point con- 
tact and four-line contact of two nondegenerate conics are equivalent. 

Q. How many parabolas does a pencil of line conics contain? 

10. The pencils of point conics of Type III and the pencils of line conics of 
Type III are essentially the same. But, in general, a pencil of point conics con- 
tains two parabolas and a pencil of line conics only one. Explain the paradox. 

12. Applications to Foci. Confocal Conics. We recall that the 
tangents to a nondegenerate conic from a focus are isotropic lines and, 
conversely, that two isotropic tangents which are not parallel intersect 
in a focus. 

Theorem 1, A necessary and sufficient condition that a nondegenerate 
conic have a given point as a focus is that it be tangent to the isotropies 
through the point. 

Thus, the demand that a conic have a given point E as a focus places 
on it two independent conditions. Hence, the general conic with F as a 
focus depends on three parameters. It may, then, be subjected to three 
further conditions. We may, for example, demand that it be tangent 
to three prescribed lines. 

Confocal Conics. Two foci of a nondegenerate central conic, not a 
circle, which lie on the same axis of the conic we shall call a pair of foci. 
There are two pairs of foci, one on each axis. The lines joining the 
foci of the one pair to those of the other are the isotropic tangents to 
the conic. 

The isotropic tangents may also be thought of as the isotropic lines 
which pass through the foci •on one axis. The foci on the other axis 
are, then, the other two finite points of intersection of these isotropic 
lines. Hence the two pairs of foci cannot be prescribed independently. 
When one pair is given, the other is determined. 

Theorem 2. Two nondegenerate central conics which have one pair of 
foci in common have all their foci in common. 

It is clear from our argument that two pairs of finite points can serve 
as the foci of a central conic if and only if the four isotropic lines issuing 
from the points of one pair intersect also in the points of the other pair. 
The two pairs of points are then the foci of every nondegenerate conic 
which is tangent to the four isotropic lines. 
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The totality of these conics consists of the nondegenerate conics of a 
pencil of line conics of Type I. The equation of the pencil, if a = 0, 
/3 = 0 and 7 = 0, 5 = 0 represent the two pairs of points, is 

( 1 ) ka0 + I y8 = 0 . 

The totality is usually known as a set of confocal central conics. 
It consists of all the central conics having one pair, and hence all four, 
of the given points as foci. 

Theorem 3. A set of confocal central conics consists of the non~ 
degenerate conics of a pencil of line conics which is mode up of the conics 
tangent to four isotropic lines,, two of each kind. 

As an illustration, we shall find the etiuaiion of the central conics 
which have (db c, 0) as one pair of foci and hence (0, dL ic) as the 
second pair. Here 

a=CU+l = Of y ~ 

= — 1 = 0 , = 


Hence the desired equation is 

(2) k (cV - 1) + Z + 1) = 0, k Kk - Z) 5*^ 0.* 

To find the equation in point coordinates we rewrite (2) in the form 


Hence we have 

Noticing that 

we are led to set 
2k 


k - 1 

+ 

k - 1 


1 


k 


i 

k - 1 


k - 1 

2 k 


21 


k - I k-l 


= 2 , 


= X + 1 


whence 


2Z 


k - I ” ■ ‘ k ~ I 

We thus obtain as the equation in point coordinates 

r2 


= X - 1. 


— £- 

X + l ■X-l‘"2’ 


^ 4. . 


1 . 


For values of X between — 1 and + 1, the equation represents hyper- 
* The degenerate conics of the pencil are excluded. 
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bolas; for X > 1, ellipses with real traces; and for X < — 1, ellipses 
without real traces. 

Two nondegenerate parabolas are said to be confocal if they have 
the same focus and the same axis. This is equivalent to requiring 
that they have the same isotropic tangents and the same point at 
infinity; for, the isotropic tangents of a parabola determine the focus, 
and the focus and the point at infinity on the parabola then determine 
the axis. 

Theorem 4. A set of confocal parabolas is essentially a pencil of line 
conics of Type II. It consists of the nondegenerate parabolas which are 
tangent to the isotropic lines through the common focus and tangent to the 
line at infinity at the point at infinity in the direction of the common axis. 

EXERCISES 

1. Find the equation of the parabola which has the point (0, 1) as focus and 
is tangent to the lines 2a: — y — 2 = 0, 2x — 2?/--l = 0. 

2. Show that the conics which have a given i)()int F as a focus and a given 
line D, not passing through F, as the corresponding directrix form a pencil. 

3. Find the equation of the central conic which has the points (— 1, 2) and 
(2, — 1) as foci and is tangent to the axis of x. 

4. The same problem, if the conic is to go through the origin instead of being 
tangent to the axis of x. There are two answers. Why? 

5. By means of Th. 4 find the equation in line coordinates of the confocal 
parabolas which have the origin as focus and the axis of x as axis. Show that 
the resulting equation in point coordinates may be put into the form 

= 2 X X + X*, X 7^ 0. 

6. Discuss the conics which have a given finite line as directrix. 

13. Further Applications. Two points which form a degenerate 
conic of the pencil of line comes determined by two given line conics 
are called a pair of opposite intersections of common tangents of these 
conics. 

Theorem 1. If three line conics have two tangents in common and the 
three conics are taken in pairs and the intersection of the common tangents 
of each pair which is opposite to the intersection of the given common 
tangents is marked^ the three points obtained are coll inear. 

This is the dual of Theorem 2 of § 7. 

Theorem 2. The dual of Theorem 1 o/ § 7. 
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EXERCISES 

L Prove Theorem 1 and show that Brianchon’s Theorem is a special case 
of it. 

2. Deduce from Theorem 1 a proposition concerning three line conics with a 
common focus. 

3. Three line conics have two tangents fi, in common and each two of them 
are mutually tangent, at points not lying on either or <2* Show that the 
three points of contact are collinear. 

4. State and prove Theorem 2. 

5. What does Theorem 2 become (o) if the odd conic consists of two distinct 
points and the other two conics are nondegenerate? (6) If the conditions are 
reversed? 

6. State and prove the theorem dual to Theorem 3 of § 7. 

7. As a special case of the theorem of Ex. 6, show that the real common 
tangents of three mutually intersecting circles,* taken in pairs, form a Pascal 
hexagon. 

C. Point Conics and Link Conics 

14. The Involution Theorems of Desargues and Sturm. 

Theorem 1 a (Desargues). The 'pairs of points in which a Ime meets 
the conics of a pencil of point conics form an involuiiony provided the line 
docs not contain a point common to all the conics of the pencil. 

Theorem 1 b (Sturm). The pairs of tangents from a point to the 
conics of a pencil of line conics form an vnvolutionj provided the point 
does not lie on a tangent common to all the conics of the pencil. 

In proving the Theorem of Desargues, we choose our projective co- 
ordinate system so that the given line L is xa = 0. The pairs of points 
in which L cuts two distinct conics of the pencil, 

~ 0 , ^^bjjx^Xj 0 , 

are defined, then, by the quadratic equations 

aiiXi + 2 ai 2 XtX 2 + a 22 xl = 0, hnx\ -f 2 612X1X2 + 622^:2 = 0. 

These two pairs of points have not a point in common, since L would 
otherwise contain a point common to all the conics of tKe pencil. 
Hence they determine an involution. According to Ex. 12, End of 
Ch. IX, the pairs of points in this involution are represented by the 
equation 

(1) h (uiiXi -f- 2 O12X1X2 “h ^223^2) ”1“ I (6iiXi -f- 2 612X1X2 “h 622X2) = 0, 

* That is, three circles each two of which have real points of intersection. 
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and are therefore the pairs of points in which L : Xa *= 0 meets the 
conics 

( 2 ) kJ^aijXiXj + = 0 

of the pencil.* 

Let us now turn our attention to the Theorem of Sturm. Let P be 
a point not lying on a common tangent of the given pencil of line conics, 
and let d be a double line of the involution consisting of the pairs of 
tangents drawn from P to the conics of the pencil. There is, we know, 
a unique conic of the pencil which is tangent to d. The second tangent 
from P to this conic is the mate of d in the involution .and therefore 
coincides with d. In other words, the two tangents from P to the conic 
are identical. Hence P is a point of the conic. Conversely, if a conic 
of the pencil passes through P, the tangents to it from P coincide and 
constitute one of the double lines of the involution. Hence: 

Theorem 2 6. There are two distinct conics in a pencil of line conics 
which pass through a given point f not lying on a common tangent to the 
conics of the pencil. Their tangents at the point are the double lines of the 
involution established at the point by the pencil, 

* An elementary proof can be given along the same lines. Introduce on 
L : xa = 0 the nonhomogeneous coordinate x = Xi/xa and denote by 
the nonhomogeneous coordinates of the points in which L meets the arbitrary 
conic (2) of the pencil. Since are the roots of the quadratic equation 

(A; Oil + 1 6ii)x^ "b 2 (/c Oi 2 H" I b\^x + {h ®22 "b I ^ 22 ) *= 0, 

we have 

^ _ ha\2’\-lhM ^ _ fcQ22-f/&22 ^ 

2 hdii-^lbw haii-\-lhii 

In order to find how ^ is transformed into f it is necessary to eliminate fc, 2. 
This is most easily done by rewriting the equations in the forms 

f f ' 

kail “b lbi\ — p = 0, ka\2 + lb\i H — p = 0, kat% •\-lhn — ^^'p = 0. 

Hence 

an 611 
O 12 bi2 
O 22 bit 

The transformation of $ into represented by this equation is evidently linear. 
It cannot be singular, by hyp)othesis, and consequently, since the equation is 
symmetric in { and f', it is an involution. 

t It is evident from the proof that what we mean here by a “ degenerate line 
conic passing through a point ” is the same as what we always mean by a non- 
degenerate line conic passing through a point, namely that the lines of the 
conic through the point coincide. 


- 1 


2 

- 


= 0 . 
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As an application of the theorem we deduce the fact that a set of 
confocal conics (§ 12) forms an orthogonal system. Since the tangents 
at P to the two conics which pass through P are the double lines of the 
involution at P, they will be perpendicular if the isotropic lines through 
P are paired in the involution. But the circular points at infinity 
constitute a degenerate conic of the pencil and the tangents from P to 
this conic are the isotropies through P. 

Theorem 2 a. T/iere are two distinct conics in a pencil of point 
conics which are tangent to a given line * not passing through a point 
common to the conics of the pencil. Their points of contact with the given 
line are the double points of the involution in which the line cuis the pencil. 

As a direct corollary to this theorem we have 

Theorem 3 a. Passing through four points, no three collinear, and 
tangent to a given Ime not containing any of the given points, there are two 
distinct conics. 

Theorem 3 h. The dual of Theorem 3 a. 

These theorems raise the question as to the number of conics passing 
through three points and tangent to two lines, or passing through two 
points and tangent to three lines. The answer is four. There are, 
for example, four circles tangent to three finite lines, namely, the in- 
scribed circle and the three escribed circles of the triangle formed 
by the three lines. 

If three points and two tangents are prescribed, the three points 
may be taken as the vertices of the triangle of reference. The general 
conic which contains them has the equation in point coordinates, 

^ 1 X 2 X 3 + r2X3Xi + r3XiJ2 = 0, 

and hence the equation in line coordinates, 

r\u\ + r\u\ + rlul — 2 rir2UiU2 — 2 rzr^u-iu^ — 2 r^riu^ui = 0. 

This conic is tangent to the two lines (fli, 02, as), (61, 61, fes) if and only if 
afri + a2r2 + a\r\ — 2 aia2rir2 — 2 a2azr2rz — 2 azairzri /= 0, 
b\rl + 62^-2 + blrl — 2 &i&2rir2 — 2 b2bzr2rz — 2 bzb^rzri = 0, 

and these simultaneous equations, since they may be interpreted as 
representing two conics in (n, r2, rs) a-s point coordinates, furnish four 
solutions of our problem. 

* What is meant here by a degenerate point conic being tangent to a lineT 
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EXERCISES 

1. Prove Theorem 2 a. 

2. Prove that, if a pencil of point conics contains just two parabolas, the 
two parabolas are coincident if and only if the line at infinity contains a point 
common to all the conics of the pencil. 

3. A set of hyperbolas all have the same asymptotes. Prove that the seg- 
ments which they cut from a fixed line all have the same mid-point. 

4. Show that, if the line at infinity is cut by a pencil of point conics in an 
involution which is elliptic, all the real conicjs of the pencil are hyperbolas. 
What are the facts if the involution is hyperbolic? 

5. Prove that, if two nondegenerate oonics have double contact, the tangent 
at a point P on one of them and the line joining P to the point of intersection 
of the common tangents are conjugate lines with respect to the other. State 
the dual theorem. 

6. Show that the two conics of Theorem 2 a are V)oth nondegenerate when 
and only when the given line does not contain a singular point of a degenerate 
conic of the pencil. Describe more specifically when the conics of Theorem 3 a 
are both nondegencrate. 

7. Prove that one of the two conics of Theorem 2 a is always degenerate if the 
pencil is of Type III or V. Wliat light does this throw on the fact that a 
pencil of either of these types is self-dual? Sec § 11, Exs. 7, 8. 

15. Poles and Polars with respect to Pairs and Pencils of Conics. 

Let two non degenerate conics be given by their equations in point 
coordinates, 

( 1 ) = 0 ^ 

and lot it be required to find the points r whose polars with respect to 

the two conics, 

( 2 ) = 0 » = 0 , 
arc identical. 

The lines (2) are the same if and only if a constant X exists so that 

(3) X 3 0. 

In order to interpret this identity geometrically we consider, in 
conjunction with it, the equation 

(4) + X = 0, 

formed for an arbitrary point r and an arbitrary value of X. This 
equation represents the polar of the point r with respect to the arbi- 
trary conic, 

(5) Zay**!# + ^ = 0. 

of the pencil of point conics determined by the given conics (1). 
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Since the polar of a point with respect to a point conic is undefined 
when and only when the point conic is degenerate and the point is one 
of its singular points (Ch. XIV, § 7), equation (4) becomes the identity 
(3) when and only when r is a singular point of a degenerate conic of 
the pencil (5) and X is the constant value of the parameter in (5) which 
defines this degenerate conic. 

Theorem 1 a. The singular points of the degenerate conics of the 
pencil of point conics determined by two nondege7icrate conics have the 
same polars with respect to the two conics and are the only points with this 
property. 

When we think of the two given conics as line conics, a similar argu- 
ment leads to the dual theorem. 

Theorem 1 b. The only lines which have the same poles with respect 
to two nondegenerate conics are the singular lines of the degenerate conics 
of the pencil of line conics determined by the two conics. 

It is clear that the singular lines of the second theorem arc the polars 
of the singular points of the first; and vice versa. For, if a point P 
has the same polar L with respect to both conics, the line L has the 
same pole with respect to them both and this pole is P. 

Theorem 2. The singular points of the penHl of point conics deter^ 
mined by two given nondegeneraie conics and the singular lines of the 
pencil of line conics determined by the same two conics are in one-to-one 
correspondence; a singular point and the corresponding singular line are 
pole and polar with respect to both conics. 

Let us next enumerate the singular points and singular lines of the 
various types of pencils. 


Type 

Pencil of Point Conics 
Singular Points 

Pencil of Line Conics 
Singular Lines 

I 

Three 

Three 

II 

Two 

Two 

III 

One and a range ^ 

One and a pencil 

IV 

One 

One 

V 

A range 

A pencil 


We return now to the two pencils of Theorem 2. The theorem 
guarantees that there are just as many singular points associated with 
the one pencil as there are singular lines associated with the other. 
Interpreting the table in light of this fact, we conclude 

* That is, a range of singular points and an isolated singular point. 
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Theobbm 3. The pencil of point conics and the pencil of line conics 
which are determined by two given nondegenerate conics are of the same 
type. 

For example, if the pencil of point conics is of Type II, that is, has 
just two singular points, the pencil of line conics must have just two 
singular lines and hence must be of Type II. 

Essentially equivalent to Theorem 3 is the following theorem. 

Theorem 4. A pair of nondegenerate conics is of the same type whether 
the conics are considered as point conics or as line conics. 

This simple statement is rich in content. It says, for example, that, 
if two conics have four distinct points of intersection, they have four 
distinct common tangents, and conversely. Again, it tells us that, if 
the conics have two-point contact at a given point, they have two-line 
contact on their common tangent at the point, and vice versa. In 
fact, in the latter connection, it establishes for us the important propo- 
sition that A;-point contact and A:-line contact are equivalent. 

Theorem 5. If two nondegenerate conics have k-point contact at a 
given point, they have k~line contact on their common tangent at the point, 
and vice versa. 

Following classical usage, we shall denote A:-point contact or Mine 
contact as contact of order A- — 1. Ordinary two-point or two-line 
contact is then contact of the first order. 

Common Self -Conjugate Triangles. If two points have the same 
polars with respect to both the given conics, their line has the same 
pole with respect to them both. In other words: 

Continuation of Theorem 2. The line joining two singidar points 
is a singular line. The point of intersection of two singular lines is a 
singular point. 

If a triangle is to be self-conjugate with respect to both conics, its 
vertices and sides must be respectively singular points and singular 
lines of the two pencils determined by the conics. Inspection of our 
table shows immediately that a triangle of this description is possible 
when and only when the two pencils are of Typt^ I or of Type III. 

If they are of Type I, the one pencil has three singular points, and the 
other, three singular lines. The three singular points form a triangle, 
the diagonal triangle of the complete quadrangle determined by the 
four points of intersection of the two conics. The three singular lines 
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ajflo form a triangle, the diagonal triangle of the complete quadrilateral 
determined by the four common tangents to the two conics. Accord- 
ing to the Continuation of Theorem 2, these two triangles are one and 
the same triangle. Since the vertices and sides of this triangle are 
poles and polars with respect to both conics and no one of the vertices 
lies on either conic, each vertex and the opposite side are pole and polar 
and the triangle is self-conjugate with respect to both conics. 

Theorem 6. If two nondegenerate conics intersect in four distinct 
points f or have four distinct common tangents^ there exists a unique tri^ 
angle which is self-conjugate with respect to both. 

In the case of two conics which have double contact (Fig. 27), there 
are «> i common self-conjugate triangles. Each triangle has the point of 
intersection of the common tangents to the 
two conics as one vertex and two conjugate 
points on the chord of contact as the other 
two vertices. 

Poles and Polars with Respect to a Pencil 
of Conics, The polars of a point r with re- 
spect to the conics of the pencil of point 
conics (5) are defined by (4). If r is a sin- Fio. 27 

gular point of the pencil, the lines (2) are 

identical and equation (4) represents always the same line, no matter 
what the value of X.* Otherwise, equation (4) represents a pencil of 
lines. 

Theorem 7 a. The polars of a point with respect to the conics of a 
pencil of point conics form a pencil of lines, provided the point is not a 
singular point of the pencil of conics. A singular point has the same 
polar with respect to all the conics of the pencil. 

Theorem 7 h. The poles of a line with respect to the conics of a pencil 
of line conics form a range of points, unless the line is a singular line. 
A singular line has the same pole with respect to all the conics. 

It is evident from Theorems 6 and 7 that there is' a unique triangle 
which is self-con jugate with respect to all the conics of a pencil of 
point conics of Type I, and that the same is true of a pencil of line 
conics of Type I. What are the corresponding facts for pencils of 
Type III? 

♦ With one exception: the polar of the singular point r with respect to the 
degenerate conic to which r belongs is undefined. 
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The following interesting result is a direct consequence of Theorem 

7 6. 

Theorem 8. The centers of the central conics of a pencil of line conicz 
lie, in general, on a line. 

EXERCISES 

1. By means of the theory of poles and polars, give a direct proof that the 
diagonal triangle of the complete quadrangle determined by the four points 
of intersection of two nondegenerate conics is self-con jugate with respect to 
both conics. Show that the diagonal triangle is real except when two of the 
four points are conjugate-imaginary and the other two real; see Ex. 1, End of 
Chapter. 

2. Draw carefully a figure for Theorem 6, constructing separately the two 
diagonal triangles mentioned in the proof. 

3. The equations in point coordinates of a pair of nondegenerate conics of 
Type I or Type III can be reduced simultaneously to the forms 

a\Xi^ + 02^2® + aaXa® — 0, hiX^ + + b^x^ — 0. 

Criticize this statement. When will the conics, as represented by the reduced 
equations, be of Type 1? 

4. Establish Theorem 2 directly in each of the cases II, III, IV, V, drawing a 
careful figure in each case. Prove that there is always at least one singular 
point on each singular line and at least one singular line through each singular 
point. 

5. Prove Thcorelui 7 b and deduce from it Theorem 8. When do the excep- 
tions to the latter theorem occur? Enumerate those which you find of special 
interest. 

6. Deduce from Theorem 8 the fact that the mid-points of the diagonals of a 
complete quadrilateral are collinear. 

7. Prove that the cross ratios of the polars of a nonsingular point with 
respect to four conics of a pencil of point conics are independent of the point, 
that is, depend only on the particular four conics chosen. 

8 . Show that the poles of a line with respect to the conics of a pencil of 
point conics constitute, in general, a nondegenerate conic. What are the 
exceptions? 

Suggestion. Consider the pole of the line as the point of intersection of 
the polars of two points on the line and apply the theorem of the preceding 
exercise. 

9. The centers of the central conics of a pencil of point conics lie, in general, 
on a nondegenerate conic. Prove this theorem and discuss the exceptions to it. 

10. Show that the centers of the conics of the pencil determined by y* — 2 mx 
and 2xy = a lie on if -j- mx = 0. 

11. A pencil of Type HI is self-dual. The centers of the central conics 
belonging to it lie, according to Theorem 8, on a line and, according to Ex. 9, 
on a conic. What are the facts? Discuss all ]X)ssibilities. 
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12. State the duals of the theorems of Exs. 7 and 8. 

16 . Conjugate Points with respect to a Pencil of Point Conics. The 

points which are conjugate to a given point P with respect to all the 
conics of a pencil of point conics are the points common to all the polars 
of P with respect to the conics of the pencil. Hence, by § 15, Th, 7 a, 
we have 

Theorem 1. Conjugate to a nonsingular point P with respect to all the 
conics of a pencil of point conics is a unique point P\ the vertex of the 
pencil of polars of P, Conjugate to a singular point are all the points of 
the common polar of the singular point. 

If each ol two conjugate points * is the only point conjugate to 
the other, neither can be a singular point. Moreover, neither can lie 
on the polar of a singular point; for, if one vrere on the polar of a singular 
point, the other would be this singular point. 

Corollary. The points which are neither singular points nor on the 
polars of singular points are conjugate in pairs. Conjugate to a non^ 
singular point on the polar of a singular point is the singular point, and 
conjugate to a singular point is every point on the polar of the singular 
point. 

In the case of a pencil of Type I, for example, the singular points are 
the vertices, and their polars the opposite sides, of the common self- 
conjugate triangle. The points not on the triangle are conjugate in 
pairs. Conjugate to a vertex is every point on the opposite side, and 
conjugate to every point on a side, other than a vertex, is the opposite 
vertex. 

Transformation of a Line. Let a point P trace a line L. What is 
the locus of the points P' which arc conjugate to P? 

The points P' are the points common to the polars pi, p 2 of P 
with respect to two distinct conics Ci, of the pencil. As P traces L, 
Pi and p 2 generate pencils of lines whose vertices are the poles. Pi and 
Pz, of L with respect to Ci and CV These pencils of lines are each 
projective with the range of points on L and hence are themselves pro- 
jective. Consequently, the locus of the points P' common to pairs of 
corresponding lines pi and pz is, in general, a conic. 

In discussing the locus in greater detail, we distinguish three cases. 

A. Pi and Pz distinct and P 1 P 2 not self-corresponding. The locus 

* Here and throughout the paragraph we mean, by ** conjugate points, 
points which are conjugate with respect to all the conics of the pencil. 
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is a nondegenerate conic. In this case L is not the polar of a singular 
point and does not contain a singular point. For, if L were the polar 
of a singular point, its poles Pi and P2 would coincide in the singular 
point. And if L, not itself the polar of a singular point, contained a 
singular point, the polars pi and p2 of this singular point would be 
identical and P1P2 would be self-corresponding. 

B. Pi and P2 distinct and P1P2 self-corresponding. The line L is 
not the polar of a singular point, but contains one singular point. The 
locus is a degenerate conic consisting of the line P1P2 — the polar of the 
singular point on L — and a second line. 

C. Pi and P2 coincident. The line L is the polar of a singular point, 
the point A in which Pi and P2 coincide. Both pencils have A as 
vertex, so that we now have a projective correspondence of a pencil of 
lines with itself. The fixed lines of this correspondence constitute the 
locus. On the other hand, these lines are the polars of the singular 
points on L. According as the correspondence is not or is the identity, 
just two or all the lines through A are fixed and just two or all the points 
on L are singular points. In the former case, the locus is the degener- 
ate conic consisting of the polars of the two * singular points on L, 
whereas in the latter case it consists of all the points of the plane. 

Inspection of these results justifies the following summary. 

Theorem 2. If a point P traces a line L, not every point of which is 
singular, the points P' conjugate to P constitute a conic. The conic is 
nondegenerate unless L contains a singular point. 

The Eleven-Point Conic, On the conic which is the transform of a 
line L, there are several points of note. In enumerating them we 
restrict ourselves to the general case. 

Theorem 3. If a pencil of point conics of Type I and a line L which 
contains neither a singular point nor a base point of the pencil f are given, 
the locus of the points conjugate to those of L is a nondegenerate conic C 
which passes through the following eleven points: (a) the three vertices of 
the common self-conjugate triangle; (b) the six points which are the har- 
monic conjugates of the points of intersection of L with the six sides of the 
basic quadrangle, with respect to the pairs of base points on tfhcse sides; 

•The two singular points on L may coincide. It can be shown that the 
doubly counting singular point thus obtained belongs to a multiply counting 
degenerate conic of the pencil. 

t A base point of the pencil is a point common to all the conics of the pencil. 
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(c) the double 'points of the involution established on L by the pencil of 
conics. 

The line L meets the sides of the self-conjugate triangle in three 
distinct points, and conjugate to these three points are the three ver- 
tices of the triangle. Hence C contains these vertices. 

If Bi and B 2 are two base points and P is tlie point in which their 
line meets L, the fourth harmonic point to B 2 and P is clearly 
conjugate to P with respect to all the conics of the pencil, and hence 
lies on C. 

Since each of the double points of the involution on L is conjugate 
to the other, both double points lie on C. 

EXERCISES 

1. Give a direct proof of Theorem 2 for a pencil of Type I, using the descrip- 
tion of the correspondence of conjugate points given in the text. Let L be in 
turn a side of the self-conjugate triangle, a line through a vertex other than a 
side, and a line not through a vertex. Then discuss the case in which L is a 
side of the basic quadrangle. 

2. Show that a pencil of point conics of Type I which cuts the line at infinity 
in the involution whose double points are the circular points at infinity has the 
following properties: (a) the conics of the pencil, with the exception of two 
imaginary parabolas, are all rectangular hyperbolas) (6) the circle circumscrib- 
irig the diagonal triangle of the complete quadrangle determined by the four 
points common to all the conics is the mne-point cirdc of each of the four tri- 
angles determined by these points; (c) this nine-point circle is a special case of 
the eleven-point conic. 

3. Prove that the conic of Theorem 2, if it is nondegenerate, is identical with 
the conic of § 15, Ex. 8. Hence show that the locus of the centers of the 
rectangular hyperbolas of the pencil of Ex. 3 is the nine-point circle. 

4. Prove that, if a triangle is self-conjugate with respect to a nondegenerate 
rectangular hyperbola, the circle circumscribing the triangle passes through the 
center of the hyperbola. 

Suggestion. Find a degenerate rectangular hyperbola with respect to which 
the triangle is self-conjugate. 

5. A complete quadrangle with finite vertices and diagonal points is given. 
Show that the three diagonal points and the six mid-points of the sides of the 
quadrangle lie on a conic. 

6. State and prove Theorem 3 for an arbitrary pencil of point conics. 

7. Discuss conjugate lines with respect to a pencil of line conics. 

17. Simultaneous Invariants of Two Conics. If the collineation 
Xi — X.dijXi, (i = 1, 2, 3), A= I d„ j ^0, 
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carries the quadratic forms 

(1) ^bijXiXj, Gij — a/i, hij = 0;t, 

into the quadratic forms 

^^<li2XiXjy Qij = dji^ hij = dji, 

then it carries the quadratic form 

(2) Y.{kaii + lh,j)xiXj 

into the quadratic form 

21 {k a/j + I bx3)xWh 

no matter what values are given to k and L 

By Ch. XIV, § 8, thei discriminant of (2), namely 

(3) 1 k an + i 6., I == I ai, I A:^ + .Si « + .S. kl^ + | | P, 

is a relative invariant of weight two with respect to the group of 
collineations; that is, the equation 

|/c tt/, + I bij\ = A^|/c a,j + I bij\ 

is an identity in fc, L Hence the coefficients of the terms in the ex- 
pansion of the discriminant (3) as a cubic form in k, I are relative 
invariants of weight two. 

The values of the coefficients 5i and S 2 are readily found to be: * 

(4) ^2 = 

Inasmuch as they bear on both the given forms (1), they are known as 
simultaneous invariants of these two forms. 

We now assume that the two conics 

OL = '^^aijXiXj = 0 , ^ ^^bijXiXj = 0 

are non degenerate and discuss the geometrical significance of the 
vanishing of the invariaiits and S 2 . 

Theorem 1. A necessary and sufficient condition that there exist a 
triangle self-conjugate with respect to the conic a = 0 and inscribed in the 
conic P = 0 is that Si = 0. 

Since .Si is an invariant, it suffices to prove the theorem for a special 
choice of the coordinate system. Take as the triangle of reference a 

* The coefficient of kH, for example, is 
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triangle A1A2A3 which is self-conjugate with respect to a « 0 and 
whose first two vertices Ai, A2 lie on = 0.* Then 

a = aiia:i + a^xl -}- 0332:3. 011023033 9 ^ 0 , 

hn = 0, 622 = 0, 

and 

Si “ 2 ^Atj 2 >t 7 “ ” A 33633. 

Since A33 5*^ 0 , >Si = 0 if and only if 63s = 0 , that is, when and only 
when A3 lies on /3 = 0. 

Since <^2 is the dual of Si^ the geometrical significance of ^2 = 0 is the 
dual of that of Si = 0. 

Theorem 2. A necessary and sufficient condition that there exist a 
triangle self-<onjugate with respect to the conic a = 0 and circumscribed 
about the conic = 0 is that S2 = 0 . 

According to Th. 1 , S2 = 0 is also the condition that there exist a 
triangle self-conjugate with respect to jS = 0 and inscribed in a = 0 . 
Hence: 

Theorem 3. There exists a triangle self-conjugate with respect to one 
conic and circumscribed about a second, if and only if there exists a triangle 
self-conjugate with respect to the second conic and inscribed in the first. 

Two conics which are related in this way are called apolar. 

EXERCISES 

1. Show that, if there is one triangle which is self-conjugate with respect to 
one of two nondegenerate conics and is inscribed in the other, there are infinitely 
many. 

2. If a = 0 is a degenerate point conic of rank 2 and /? = 0 a nondegenerate 
conic, show that the singular point of a = 0 lies on - 0 if and only if = 0, 
and that the constituent lines of a — 0 are conjugate with respect to ^ = 0 if 
and only if S 2 = 0. Prove further that, if the rank of a ~ 0 is 1, Si always van- 
ishes, and Si = 0 when and only when the line of a = 0 is tangent to ^ “ 0. 

3. State conditions in terms of the invariants of two conics (a) that a point 
lie on a nondegenerate conic; (6) that two distinct points be conjugate with 
respect to the conic; (c) that the line joining two points be tangent to the conic. 

EXERCISES ON CHAPTER XVI 

1. The points common to the point conics of a pencil of Type I may be all 
real, two real and two conjugate-imaginary, or conjugate-imaginary in pairs. 
In the case of a pencil of Type II, the double point of intersection must be real, 
whereas the two simple points may be real or conjugate-imaginary. The two 
double points of intersection of a pencil of Type III may be real or conjugate- 

“ That there exists a triangle with these properties is readily established. 



324 


HIGHER GEOMETRY 


imaginary. The triple and simple point of intersection of a pencil of Type IV 
and the quadruple point of intersection of a pencil of Type V are necessarily 
real. Prove these propositions and exhibit an example under each case. 

2. Find the equation of the ellipse which goes through the point (— 2, 0), is 
tangent to the axis of y at the origin, and has the line x — 2iy 1 ==0asan 
asymptote. 

3. Find the nondegenerate parabola which has double contact with the 
ellipse x® + 4 y* = 100 at the points (8, 3) and (—6, — 4). 

4. Find the parabola which has three-point contact with the parabola 
2/® = a; at the point (1, 1) and meets this parabola again at the origin. 

5. In a quadratic equation in x and y the coefficient of the term in xy is 
arbitrary and all the other coefficients fixed. What does the equation repre- 
sent? 

6. Prove that, if each two opix)site sides of a complete quadrangle are per- 
pendicular, each vertex is the point of intersection of the altitudes of the tri- 
angle determined by the other three vertices. Show that the four points (0, 0), 
(1, 2), (1, — 2), (— 3, 0) determine a complete quadrangle of this type and that 
all the real conics through them are rectangular hyperbolas. 

7. Prove that, if a pencil of point conicjs contains two rectangular hyper- 
bolas, all its real conics are rectangular hyperbolas. ITene,e show that a pencil 
of Type I consists primarily of rectangular hyi)erbolas if and only if the four 
points common to all the conics determine a complete quadrangle of the type 
described in Ex. 6; it is o^isumed that the four points are finite. 

8 . A point conic is a rectangular hyperbola if and only if the point of inter- 
section of the altitudes of an inscribed triangle lies on the conic. 

9. A pencil of point conics which does not consist exclusively of circles 
contains at most one circle. A necessary and sufficient condition that it con- 
tain a circle is that it contain two conics which have their axes * parallel but 
are not similar and similarly placed. Prove these propositions. 

10. Show that, if there are two conics in a pencil of point conics whose axes 
are parallel, the axes of each two conics in the pencil are parallel, 

11. Using the results of Exs. 9, 10, devise a method of constructing the circle 
osculating a nondegenerate conic at a given point. 

12. Show that, if from a point P on a nondegenerate conic tangents are 
drawn to a confocal conic, these tangents are equally inclined to the tangent at 

P. 

13. Prove that the tangents from a point P to a central conic make equal 
angles with the lines joining P to the real foci. 

14. A nondegenerate central conic is determined by three real tangents and 
a real focus. Show that the second real focus is the isogonal conjugate of the 
given focus with respect to the triangle formed by the three real tangents; see 
Ch. Ill, § 10, Ex. 5. 

* To preserve simplicity of statement, we ascribe to a nondegenerate para- 
bola, here and in Ex. 10, a second axis perpendicular to the actual axis. 
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15. A variable central conic always has a given point as a real focus and 
remains tangent to two real lines. Prove that the locus of the second real 
focus is a straight line. 

16. One real focus of a variable central conic vrhich is tangent always to 
three real lines traces a straight line. Show that the locus of the second real 
focus is, in general, a nondegenerate conic. What are the exceptions? 

Suggestion, Use trilinear coordinates (Ch. X, § 7). 

17. Prove that the locus of the pole of a given line with respect to a set of 
confocal parabolas is a line perpendicular to the given line, provided this line is 
a finite line other than a diameter common to all the parabolas. 

18. Each two finite lines which are conjugate with respect to all the conics 
of a set of confocal central conics are mutually perpendicular. The lines 
which are conjugate to the lines of a pencil envelope a parabola which is tangent 
to the common axes of the conics, provided the vertex of the pencil is a finite 
point not lying on an axis. Prove these propositions. 

19. Show that the pencils of tangents to the conics of a pencil of point conics 
at two simple intersections of all the conics are perspective. Hence prove that 
the locus of the centers of the conics of a pencil of similar and similarly placed, 
nonconcentric, central conics is a straight line. 

20. A variable line conic moves so that it is always tangent to four given 
lines, no three concxirrent. Show that the line joining its points of contact 
with two of the given lines always passes through a fixed point. Identify this 
point. 

21. On a common tangent of a pencil of line conics two points, neither of 
which is an intersection of common tangents, are chosen. Show that the two 
pencils of tangents from these points to the conics of the pencil are projective. 

22. Show that the locus of the focus of a variable parabola which is always 
wangent to three given nonconcurrent finite lines is a circle. 

23. A variable point conic always passes through four given points, no three 
collinear. A triangle inscribed in the conic has one vertex at one of the given 
points and the two adjacent sides fixed. Discuss the envelope of the third side. 

24. A pencil of point conics containing one circle is given and the isotropies 
through a simple finite intersection P of all the conics are drawn. Show that 
the envelope of the line joining the second points of intersection of these iso- 
tropies with the general conic of the pencil is a nondegenerate parabola with 
P as focus. 

25. Show that the conics of a pencil of line conics of Type I are concentric if 
and only if the four common tangents form a parallelogram, 

26. One asymptote of a variable central conic which circumscribes a given 
triangle always passes through a fixed finite point. Show that the second 
asymptote envelopes a conic wliich is inscribed in the triangle. 

Suggestion. First prove analytically the projective generalization of the 
theorem. 
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APPLICATIONS OF TRANSFORMATIONS* 

1. Polar Reciprocation with respect to an Arbitrary Conic. We 

have already noted, in Ch. X, § 6, that a correlation carries an arbi- 
trary projective configuration into the dual configuration and is the 
most general transformation of the plane which has this property. 
Thus the correlations are the transformations which guarantee that, if 
a certain projective theorem is true, the dual theorem is also true. 

It was Poncelet who first developed the principle of duality. He 
employed, not the general correlations, but the involutory correlations, 
the transformations of pole into polar with respect to nondegenerate 
conics (Ch. XIV, § 3). In giving an account of his method we em- 
ploy his own terminology. Two figures which correspond by a 
transformation of poles and polars he called reciprocal polar figures^ 
intending to convey by the word reciprocal the meaning we have 
attached to the word duaL The transformation itself is, then, known 
as polar reciprocatiorL'\ 

One example suffices to show how polar reciprocation ensures the 
truth of a projective theorem when the dual theorem is known to be 




true. Let the harmonic properties of the complete quadrilateral be 
given, and let it be required to establish those of the complete quad- 
rangle. Reciprocate the given complete quadrangle with respect to a 

* We shall find it convenient, in this chapter, to exclude conics without real 
traces. 

t The name is particularly fitting: polar reciprocation is “ polar dualization,” 
that is, dualization by means of the theory of poles and polars. 
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fixed nondegenerate conic. The reciprocal polar figure is a complete 
quadrilateral. The vertices A, R, C, Z> of the quadrangle reciprocate 
into the sides o, 6, c, d of the quadrilateral, the pairs of opposite sides 
Pi, P 2 , q\y q 2 t n, r 2 of the quadrangle into the pairs of opposite vertices 
Pi, P 2 , Qiy Q 2 , Rif Rn of the quadrilateral, and the diagonal points 
P, Qj R of the quadrangle into the diagonals p, q, r of the quadrilateral, 
as shown in Fig. 1.* 

Not only is the quadrilateral the reciprocal of the quadrangle, but 
the quadrangle is the reciprocal of the quadrilateral. Consequently, 
from the harmonic properties of the quadrilateral follow those of 
the quadrangle. For example, the pole of the line z introduced in 
the quadrilateral is the point Z marked in the quadrangle. Since 
by hypothesis (a h, p z) = — 1, it follows on reciprocation that 
(A BfPZ)= - 1 . 

A Second Use of Polar Reciprocation. Suppose that the conic with 
respect to which we reciprocate the complete quadrangle is a central 
conic with P as center. The polar p of P is then the lino at infinity. 
Hence a and h, and also c and d, are parallel, and the conii)lete quadri- 
lateral is a parallelogram. But the harmonic i)ropcrties of a parallelo- 
gram are self-evident, and from them we obtain, on i-eciprocating back, 
the harmonic properties of the complete quadrangle. 

This example illustrates a method by means of which polar reciproca- 
tion can frequently be used to establish a projective theorem. By 
proper choice of the conic of reciprocation the figure for the projective 
theorem is carried into a figure which pictures, not the dual theorem, 
but a special affine case of the dual theorem. If this special case of the 
dual theorem can be proved, the figure for it can be r(^ciprocated back 
into the original figure and the required projective theorem is thus 
established. 

A central conic is usually employed as the conic of reciprocation and 
the success of the method ordinarily depends on a wise choice of the 
center of this conic, — the center of reciprocation. See Ex. 3. 

EXERCISES 

1. Show that a complete quadrilateral can be reciprocated into a parallel- 
ogram and its diagonals. Hence establish the harmonic properties of the 
complete quadrilateral. 

* The reader should draw his own figure and follow the process of recipro- 
cation step by step. Practice in these simple cases is the only safeguard against 
confusion in the more complicated cases which are to follow. 
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2. Afisuming one half of Desargues’ triangle theorem; prove the other half 
by polar reciprocation. 

3. Without assuming the dual theorem, prove that, if the corresponding 
sides of two triangles intersect in collinear points, the lines joining corre- 
sponding vertices are conc'jrrent. 

Suggestion. Take as the center of reciprocation the point of intersection of 
two of the lines joining corresponding vertices. 

2. Continuation. Polar Reciprocation of Conics. In reciprocating 
a curve C, we can think of it either as a point locus Cp or as a line 
envelope Cl- The reciprocal of Cp is a line envelope C^Lf the 
reciprocal of Cl is a point locus Cp.* 

The point curve Cp and the line curve Cl correspond in the sense of 
Ch. XIII, § 2; taken together, they form the curve C. Similarly, the 
reciprocal line and point curves C^ and Cp correspond, and form together 
a curve C'. 

To establish this fact we must show that the tangents to Cp are the 
lines of cL and that the contact points of Cl are the points of Cp. 

Let T be an arbitrary point of Cp, 
corresponding to the tangent tio C\ 
T a neighboring point of Cp, corre- 
sponding to the tangent /' to C; and q 
the line joining T and T', corresponding 
to the point Q common to t and t\ The 
tangent p to Cp at T is the limit of q as 
T' approaches T along Cp. Since polar 
reciprocation is continuous, the pole 
of p must be the limit of Q as t' approaches t along C and is, therefore, 
the contact point P of C on L Thus, the tangent p to Cp is the polar of 
the point P of C. But p was an arbitrary tangent to C^ Consequently, 
the tangents to Cp arc the polars of the points of C and hence are the 
lines of C^. Similarly, the contact points of C^ are the points of Cp. 

As direct consequences of our argument, we have 

Theorem 1. A point arid corresponding tangent of a curve C recipro- 
cate into a tangent and corresponding point of the polar reciprocal curve C'. 

Theorem 2. Tangent curves reciprocate into tangent curves. 

* If C has only one ajspect, the situation is simple. For example, if C can 
be considered only as a point curve, its polar reciprocal can be thought of 
only as a line curve. Thus the reciprocal of a degenerate point conic is a 
degenerate line conic, and vice versa. 
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We turn now to polar reciprocation of conics. Inasmuch as a 
correlation is a linear transformation and preserves harmonic division, 
we conclude immediately: 

Theorem 3. The polar reciprocal of a conic C is a conic C\ Two 
points conjugate with respect to C reciprocate into Uvo lines conjugate 
with respect to C\ A point and a line which are pole and polar with 
respect to C reciprocate into a line and a point which are polar and pole 
with respect to C\ 

Since the polar reciprocal of a point conic is a line conic, a pair of 
point conics reciprocates into a pair of line conics, and a pencil of point 
conics into a pencil of line conics. The points common to the point 
conics correspond to the tangents common to the line conics, the 
degenerate conics of the pencil of point conics correspond to the 
degenerate conics of the pencil of line conics, and the singular points of 
the pencil of point conics correspond to the singular lines of the pencil 
of line conics. 

The last of these facts leads, by inspection of the table of singular 
points and lines of Ch. XVI, § 15, to the following theorems. 

Theorem 4. A pair or a pencil of point conics of a given type recipro^ 
cates into a pair or a pencil of line conics of the same type. 

Theorem 5. The order of contact of two conics is preserved by polar 
reciprocation. 

Example 1. Assuming Pascals Theorem, prove Brianchon’s 
Theorem by polar reciprocation. 

Reciprocate the figure representing the hypothesis of Brianchon^s 
Theorem. The result is a figure picturing the hypothesis of PascaPs 
Theorem. Construct in this figure the conclusion of PascaPs Theorem. 
Then the reciprocal construction in the original figure guarantees the 
conclusion of Brianchon's Theorem. 

Example 2. Find the polar reciprocal of the parabola 

(1) 2/^ = 2 ma; + 

with respect to the circle 

( 2 ) 0:2 + 2/2 = 1 . 

First Method. The equations of the polar reciprocation with respect 
to (2), expressed in homogeneous coordinates, are 

pXi = Uif pX2 = U2, pXi = — Us. 
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Hence the parabola reciprocates into 

+ 2 muxUz — = 0 . 

This conic has, as its equation in point coordinates, 

(3) m{x^ + 2/2) + 2 X = 0, 

and so is a circle. 

Second Method. The equation of the tangent to the parabola (1) 
at the point (x, y) is 

— mX + yY — (mx + rn^) = 0. 

Let the pole of this tangent with respect to the circle (2) be {x\ y'). 
A second equation of the tangent is, then, 

x'X + ?/F -1 = 0. 

Hence 

= = mx + 

x' 2/ 

Substituting into (1) the values found for x and y from these equations, 
we find, as the polar reciprocal of the parabola, the circle (3). 

EXERCISES 

1. Do Example 1 in the text in detail, drawing and marking carefully the 
figures. 

2. Assuming the following theorems, prove their duals by polar reciprocation: 
(a) Steiner’s Theorem; (6) Ch. XVI, §7, Th. 2; (c) Ch. XVI, §7, Ex. 9; 
(d) Desargues’ 1 nvolution Theorem. 

3. Find the polar reciprocal of the hyperbola xy = a* with respect to the 
parabola if = 2 mx. 

4. Find the polar reciprocal of the circle x* -1- 7/^ — 6 x — 3 = 0 with respect 
to the hyperbola 2 x* — if = 6. 

5. Show that a nondegenerate conic reciprocates with respect to a central 
conic into a hyperbola, panlbola, or ellipse, according as the center of recipro- 
cation is outside, on, or inside the conic. 

6. What can you say of the polar reciprocal of a parabola with respect to a 
parabola? 

7. Show that polar reciprocation with resjiect to the conic 

Xi* + ^2* + X32 = 0 

has the equations 

pXi = Ml, pX2 = Ms, pXa =^7/3. 

Hence prove that, if in the equations constituting an analytic proof of a pro- 
jective theorem point coordinates and line coordinates are ever 3 rwhere inter- 
changed, the new equations furnish a proof of the dual theorem. 
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3. Polar Reciprocation with respect to a Circle. Let the conic of 
reciprocation be a circle with center at 0 and radius r. The polar of 
a point P is, by symmetry, perpendicular 
to OP. Mo reover, since OQP is a right 
triangle, OP' • OP = 

Theorem 1. The polar of a finite point P, 
other than 0, is perpendicular to OP and at a 
distance OP' from 0 such that 
Op - OP = r\* 

The theorem pictures clearly the relative 
positions of a point and its polar. It tells us, in particular, that the 
nearer the point is to 0, the farther away from 0 is its polar, and vice 
versa. 

Theorem 2. The polars of the circular points at infinity ^ I and are 
the isotropies 01 and OJ. 

For, the polars of 1 and J are the tangents at 1 and that is, the 
asymi)totes 01 and OJ of the circle. 

Theorem 3. A circle reciprocates into a nondegcncrate conic which 
has 0 as a focus and the polar of the center of the circle as the corresponding 
directrix. 

The circle must in any case reciprocate into a conic. Since I and J 
are on the circle, the isotropies 01 and OJ are tangent to the conic 
and 0 is consequently a focus of the conic. 

The focus 0 and the corresponding directrix c are pole and polar with 
respect to the conic. Hence their recipro- 
cals, o and P, are polar and pole with re- 
spect to the circle. But, since O is the cen- 
ter of reciprocation, o is the line at infinity. 
Thus the line at infinity and C are polar 
and pole with respect to the circle, and so C 
is the center of the circle. 

A similar proof may be given for the con- 
verse : 

Theorem 4. The polar reciprocal of a nondegenerate conic with 
respect to a circle having its center at a focus is a circle whose center is the 
pole of the corresponding directrix. 

* The theorem has been proved when P is outside the circle. An analytic 
proof covering all coses can readily be given. 
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The applications of polar reciprocation with respect to a circle may 
be conveniently classified under three heads. 

A. Proof of Projective Theorems. To establish a projective property 
of a conic it suffices to prove the dual property for a circle. Let it be 
required, for example, to show that four given tangents to an arbitrary 
nondegenerate conic cut an arbitrary fifth tangent in a constant cross 
ratio. Reciprocate the conic into a circle by the method of Th. 4. It 
suffices, then, to prove that a cross ratio of the four lines joining four 
points on the circle to an arbitrary fifth point is constant; see Ch. VI, 
§ 4, Ex. 8. 


B. Reciprocation of Properties Involving Angle. The applications 
. under this head are based on the theorem pic- 

I tured in Fig. 5, namely: The angle which two 
jT b 7 \ points subtend at 0 is equal to one of the angles 

/ X — under which their polars intersect. 

I o ^ j \a Example 1. Generalize by polar recipro- 
\ y cation with respect to a circle: A tangent to 

^ ^ a circle is perpendicular to the radius drawn to 

the point of contact. 

By Th, 3, the circle reciprocates into a conic with 0 as focus and c 
as the corresponding directrix. The tangent t and the corresponding 
point P of the circle reciprocate into a point 
T and the corresponding tangent p of the conic, 

and the line ,s joining P to C goes into the point N. / 

S in which p meets c. Since / and 5 are per pen- ^ / 

dicular, the points T and 5 subtend a right y 
angle atO. Thus the required generalization ( 
is: The segment of a tangent to a conic between \ 
the point of contact and h directrix subtends a ^ ® \ 
right angle at the corresponding focus. c \ 

Since Theorem 4 guarantees that every non- q 

degenerate conic can be obtained from some 

circle by our special method of reciprocation, and since the given the- 
orem is true for all circles, the generalized theorem is established for all 
nondegenerate conics. 


Example 2. Generalize: The locus of the point of intersection of 
two tangents to a circle which cut under a constant angle is a concentric 
circle. 
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The figure tells the story. The generalized theorem is: The envelope 
of a chord of a nondegenerate conic which subtends a constant angle at 
a focus is a conic which has this focus and 
the corresponding directrix in common with 
the given conic. 

C. Reciprocation of Properties Involving 
Distances Measured from 0, Let it be re- 
quired to generalize the fact that the sum 
of the distances from a point within a circle 
to two parallel tangents is constant, when 
the point is taken as the center 0 of the 
circle of reciprocation. 

Since the tangents from 0 to the given circle are imaginary, the 
points at infinity on the reciprocal conic are imaginary and the conic 
is an ellipse (§ 2, Ex. 6). By hypothesis, 



The sum of the reciprocals of the segments of a focal chord of an ellipse 
is constant. 



EXERCISES 

Prove by polar reciprocation with respect to a circle: 

1. Steiner’s Theorem, 2. Theorem 1 6 of Ch, XV, § 1. 

Generalize, by polar reciprocation with respect to a circle, the following 
propositions. 

3. An angle inscribed in a semicircle is a right angle. 

4. The envelope of a chord of a circle of constant let^h is a concentric 
circle. 

5. The polar of a point with respect to a circle is perpendicular to the line 
joining the point to the center of the circle. 

6. Two tangents to a circle make equal angles with their chord of contact 
and equal angles with the line joining the center to their common point. 

7. The envelope of the hypotenuse of a right triangle which is inscribed in 
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a circle and has the vertex of the right angle at a fixed point on the circle is 
the center of the circle. In reciprocating take the fixed point as O. 

8. Discuss the problem taken up under C in the text when the point is 
taken (a) on the circle; (6) outside the circle. 

9. If a is the radius of the given circle in Fig. 4 and d is the distance from its 
center C to the center of reciprocation O, show by means of Th, 1 that the dis- 
tance m from the focus to the corresponding directrix of the conic is r*/d, and 
that the semi-latus rectum of the conic is r*/a. Hence show that the eccentric- 
ity e of the conic is d/a. 

10. Using the data just deduced for the conic, namely 



show that a given circle can be reciprocated into a nondegenerate conic of any 
shape and size, 

11. Generalize by polar reciprocation with respect to a circle: Two common 
tangents to two equal circles are parallel to one another and to the line of cen- 
ters. In reciprocating the fact that two circles are equal, employ the results 
of Kx. 9. 

12. If two perpendicular tangents be drawn to a circle, the locus of their 
point of intersection is a concentric circle and the enveloxje of their chord of 
contact is also a concentric circle. Observe that the radii of these two circles 
can be readily computed. Obtain a new theorem by reciprocating with respect 
to a circle whose center is on the first circle. 

4. Applications of Projections. Collineations are used, in much the 
same way as polar reciprocation, for two purposes: (a) to obtain from 
affine and metric theorems projective generalizations; (b) to establish 
projective theorems by reducing them to afiSne or metric theorems 
capable of simple proof. 

In discussing these applications, we shall speak of projections rather 
than of collineations, and employ the terminology of projection rather 
than that of general transformation theory. Whether we interpret 
our statements in terms of the actual process of projection or as re- 
ferring to collineations of the plane into itself or into a second plane, 
is immaterial. 

In a projection, the fates of four lines, no three concurrent, are at 
our disposal. We can, then, surely dispose of one at pleasure. Hence: 

Theorem 1. Any given line can be projected into the line at infinity. 

In order to prove by projection the harmonic properties of a com- 
plete quadrilateral, it suffices to show that a complete quadrilateral 
can always be projected into a parallelogram. How is this done? 
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Proofs of Projective Properties of Conics. Here we rely primarSy on 
the following theorem. 

Theorem 2. A nondegenerate conic and a point within it can he 
projected into a circle and its center. 

Since the given point M is within the conic, its pole m meets the 
conic in two conjugate-imaginary points. Choose a real projection 
which carries these two points into I and J. The conic projects into a 
conic through 1 and /, that is, into a circle. Moreover, since M and m 
are pole and polar with respect to the conic, their projections are pole 
and polar with respect to the circle. The projection of m is the line 
at infinity. Hence M goes into the center of the circle. 

An equivalent to Theorem 2 is evidently: A nondegenerate conic and a 
line intersecting it in conjugate-imaginary points can be projected into a 
circle and the line at infinity. 

Example 1. Let it be required to prove PascaPs Theorem by 
projection. 

Project the given conic into a circle and the line join- 
ing the points of intersection of two pairs of opposite 
sides of the inscribed hexagon into the line at infinity. 

The projected hexagon (Fig. 9) has, then, two pairs 
of opposite sides, say 1, 4 and 2, 5, parallel, and it 
remains to prove that the sides 3, 6 are parallel. 

Since sides 1 and 4 arc parallel, 

(1) arc 2 + arc 3 == arc 5 -f arc 6, 

where we mean, for example, by arc 2, the shorter arc of the circle 
subtended by the chord 2. Similarly, since sides 2 and 5 are parallel, 

(2) arc 1 -p arc 6 = arc 3 + arc 4. 

Adding (1) and (2), we get 

arc 1 + arc 2 = arc 4 + arc 5. 

Hence the sides 3 and 6 are parallel.* 

Example 2. If a variable triangle is circumscribed about a conic 
and two of its vertices trace fixed straight lines, find the locus of the 
third vertex. 

We project the given conic and the point of intersection M of the 

* The details of the proof are slightly different if any of the sides of the 
hexagon intersect within the circle. 



Fig. 9 
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given straight lines, which we assume does not lie on the given conie^ 
into a circle and its center. Our problem is thus reduced to finding the 
^ locus of a vertex of a triangle which is. cir- 
cumscribed about a circle and whose other 
two vertices move on fixed lines passing 
through the center of the circle. 

This locus is a circle concentric with the 
given circle. For, the angle at P' (Fig. 10) is 
readily shown to be constant. In A A'P'P', 
A A* == w — 2 a and Z P' = ^ — 2 6, so 
that Z P' = 2(a + 6) — tt. But a + fe in 
A A'B'M' is the supplement of the constant 



angle at M\ 

A circle concentric with the given circle is a conic having double 
contact with it at 1 and J. Since / and J are the projections of the 
points in which the given conic is intersected by the polar of the point 
My we obtain as the answer to our original problem: 

The locus of the third vertex of the triangle is a conic which has 
double contact with the given conic at the points in which the polar of 
the point common to the two given lines meets the given conic. 


Critique, Principle of Continuity of Analytic Proofs, According to 
Th. 2, we can project the given conic and the point M of Example 2 
into a circle and its center only if M is a point within the given conic. 
Consequently, we have established the answer to our locus problem 
only in this case. It is reasonable to expect that the answer will be 
the same when M is outside the given conic. How shall we prove that 
this is true? 

Again, in Example 1, we established Pascal’s Theorem only in the 
case when the pole of the line joining the points of intersection of the 
two chosen pairs of opposite sides of the inscribed hexagon is a point M 
inside the given conic. How can the proof be extended so that it is 
valid also when M is outside the conic? 

Poncelet has provided us with an effective means of meeting this 
difficulty in his principle of continuity of analytic proofs. This prin- 
ciple, stated in a form adapted to our needs, maintains that, if a pro- 
jective theorem has been established in case a certain point M lies 
inside a certain conic, the analytic proof which it would then be 
possible to give for this case would be valid also when M is outside 
the conic. 
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The justification of the principle is contained in the following Lem- 
ma, the proof of which belongs to a course in Analysis. 

Lemma. If a homogeneous algebraic function f{ri, rz) of the coordi- 
nates (fi, Tiy rz) of a point M vanishes for all points M inside a certain 
conicy then it vanishes identically. 

Suppose that M is the point M of the proof of PascaVs Theorem 
and that we have deduced the equation whose truth, when M : (ri, r2, rg) 
is inside the given conic, establishes Pascars Theorem analyti- 
cally in this case. This equation is of the f()rm/(ri r2, rg) = 0, where 
f(r\y r 2 j rz) is a homogeneous algebraic function of ri, ra, rz. Hence 
it follows, since /(n, ra, rg) = 0 is a true equation for all points M in- 
side the given conic, that /(n, r2, rg) = 0 and the theorem is always 
valid. 

The answer to the locus problem of Examx)lc 2 involves two parts, 
first that the locus is a conic and, secondly, that this conic has double 
contact with the given conic in two specific points. The fact that the 
locus is a conic is expressed analytically by the equation n — 2 = 0,* 
which says that the degree n of the equation of the locus is 2. The 
contention that the locus has double contact with the given conic 
in two fixed points is given analytically by four equations which 
are of the forms /t(ri, r2, rg) = 0, f = 1, 2, 3, 4, where the functions 
/t(ri, r2, rg) arc homogeneous algebraic functions of n, r2, rg. Since the 
nature of the locus has been established when M : (n, rg, rg) is inside 
the given conic, we know that all five equations are valid when M is 
thus restricted. Hence, b}^ our Lemma, they arc valid also when M is 
outside the given conic. 

We must now qualify our general argument to cover certain con- 
tingencies which may arise. It is conceivable that the hypothesis of 
the prox)osition to be established may, by restrictions it xdaces on Af, 
limit the application of the Lemma or, indeed, exclude its use entirely. 
Suppose that the hypothesis restricts M by a condition which is 
equivalent to an inequality: 0(ri, rg, rg) 9^ 0. Then the validity of the 
analytic proof is necessarily subject to the condition </>(ri, rg, rg) 5^ 0, 
and the proposition cannot possibly be guaranteed by the Lemma for 
points M for which <i)(ri, rg, rg) = 0. For example, the answer to our 
locus problem is not validated by the Lemma for points M on the given 

* The expression n — 2 is a homogeneous polynomial in ri, rg, rz of de- 
gree 0. 
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conic. For, the very nature of the answer implies the tacit hypothesis 
that the polar of M meet the given conic in distinct points.* 

EXERCISES 

Prove by projection: 

1. The triangle theorem of Desargues. 

2. Steiner's Theorem. 

3. The theorem of Ex. 1, End of Ch. XIV- 

4. Brianchon’s Theorem. 

5. Theorem 2 of Ch. XVI, § 7. 

6. The involution theorem of Desargues, for a pencil of Type I. 

7. The pairs of points in which the lines of a pencil cut a conic form an 
involution. 

Generalize by projection: 

8. A chord of a circle which is tangent to a concentric circle is bisected by 
the point of contact. 

Q. If two circles are tangent at a finite point P and a line is drawn through 
P meeting the circles again in Pi and Pj, the tangents to the circles at Pj and Pj 
are parallel. 

10. A variable triangle is inscribed in a fixed conic and two of its sides turn 
about fixed points. Find by projection the envelope of the third side. 

5. Continuation. Projection of Perpendicularity and Angle. We 

make use here of the projective interpretations of angle and perpen- 
dicularity due to Laguerre, Ch. VIII, § 6. From the interpretation of 
perpendicularity, we conclude that two 'perpendicular lines project into 

tv)o lines which separate harmonically the 
lines joining their common point to the 
projections of the circular points at infinity. 

Example 1. Let it be required to gen- 
eralize by projection the theorem: The 
tangent to a circle is perpendicular to the 
radius drawn to the point of contact. 

The circle projects into a conic. The 
center M of the circle and the line at in- 
finity project into a point M' and a line m' 
which are pole and polar with respect to the conic, and I and J project 
into the points 7' and J' in which w' meets the conic. A point P on 

If ilf lies on the given conic, the locus is a conic which has four-point 
contact with the given conic at M, 
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the circle projects into a point P' on the conic, the tangent PT into 
the tangent P'T', and the radius PM into the line P'M'. Finally, since 
(PM PP, P/ P/) 1, we have 

(P'M' P'r, P7' P'P) = - 1 or (S'T\rj') = - 1. 

If M is a point and m is its polar with respect to a nondegenerate conic ^ 
the tangent at an arbitrary point P of the conic and the line M P intersect 
m in conjugate points. 

Since an arbitrary conic and a point within it can be projected into 
a circle and its center, the theorem is established is this case and hence, 
by the principle of continuity, in all cases.* 

Example 2. Generalize by projection: The envelope of a chord of 
constant length of a circle is a concentric circle. 

The circle, its center M and the line at infinity, and I and J project, 
as in the previous example, into a conic, a point M' and its polar m' 
with respect to the conic, and the points /' 
and J' in which m' meets the conic. A chord 
AB of the circle goes into a cliord A'P' of the 
conic. Since AB always subtends the same 
angle at the center M of the circle, it follows 
from Laguerre’s interpretation of angle in 
terms of cross ratio, that (MA MB^ MI MJ) 
is constant. Consequently, A*B' moves so 
that the cross ratio {M'A' M'B’, MT M'J') Fig.'*12 

is constant. Since the envelope of A B is a 

circle having double contact with the first circle at I and J, the en- 
velope of A'P' is a conic which has 
double contact with the first conic at 
r and r. 

The envelope of a chord of a conic 
which moves so that the lines which join 
its extremities to a fixed point Af', not 
on the conic, form a constant cross ratio 
with the tangents from M\ is a conic 
Ag which has double contact with the given 
pjg 23 conic at the points in which it is met by 

the polar of M\ 

Example 3. Generalize by projection: The sum of the three angles 
of a finite triangle is two right angles. 

* The theorem is obvious but trivial if the point is on the conic. 



340 


HIGHER GEOMETRY 


Let ^ 1 , ^ 2 , ^3 be the directed angles of the triangle, all measured in the 
same sense, as shown, for example, in Fig. 13. Then 

(1) ^1 4" ^2 “b ^3 “ db TT. 

If Xi, X 2 , Xa are the cross ratios of the sets of four lines at the vertices of 
the triangle: 

(2) Xi = (02^3, diPi), X2 = (flaUi* ^2^2), X3 = (fli02> dspg), 
then, by Laguerre’s interpretation of angle, 

ft = log Xi, ft = log Xj, log Xs, 

Z I Jtl 

and (1) becomes 

log Xi + log X 2 + log X 3 = db 2 TT i 
or 

XiX2Xa = 

Since 

= cos <t> + i sin <#>, = cos (± 2 tt) + i sin (dh 2 ir) = 1. 

Hence 

(3) X 1 X 2 X 3 = 1. 

Thus, equivalent to the fact that the sum of the angles is two right 
angles is the fact that the product of the three cross ratios (2) is unity. 
A remarkable relationship! 

The desired generalization is now obvious: the equality (3) holds for 
any triangle and any pair of points neither of which lies on a side. We 
have thus established the direct theorem on which is based the theory 
of projective coordinates in the plane. The converse is readily proved 
from it. 

EXERCISES 

Generalize by projection! 

1. An angle inscribed in a semicircle is a right angle. 

2. The locus of a point from which the tangents to a circle form a constant 
angle is a concentric circle. 

3. The polar of a point with respect to a circle is perpendicular to the line 
joining the point to the center. 

4. The sum of the directed angles of a quadrilateral is equal to d= 2 t 
radians.* 

* How must directed angle ” be defined in order that this remains true 
when the quadrilateral is reentrant? 
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5. The locus of the point of intersection of two perpendicular tangents to a 
central conic is a circle whose center is the center of the conic. 

EXERCISES ON CHAPTER XVH 

Generalize by polar reciprocation with respect to a circle the following propo- 
sitions. 

1. The angles under which two intersecting circles meet are equal. If the 
angles are right angles, the tangents at the points of intersection pass through 
the centers of the circles, 

2. The line joining the centers of two tangent circles goes through the 
point of contact and is perpendicular to the common tangent. 

3. If a secant is drawn from a fixed point F outside a circle meeting the 
circle in the points A and il, the product FA * FB is constant. Take the 
fixed point as O. 

4. If from a fixed point tangents are drawn to a set of concentric circles, 
their points of contact lie on a circle through the fixed point and the common 
center. Take the fixed point as O. 

5. The sum of the distances from a focus to the points of contact of two 
parallel tangents to an ellipse is constant. Take the given focus as 0. 

6. The locus of the foot of the perpendicular dropped from a focus of a 
central conic on a variable tangent is the circle on the major axis as diameter. 
Take the given focus as 0. 

7. The locus of the point of intersection of perpendicular tangents to a 
central conic is a circle concentric with the conic. Take O (a) as a point on the 
circle; (b) as a focus of the conic. 

8. The feet of the perpendiculars dropped from a point on a circle on the 
sides of a triangle inscribed in the circle are collinear. Take the point on the 
circle as 0. 

Am*. The circle whi(!h circumscribes the triangle formed by three tangents 
to a parabola goes through the focus. 

Prove the following theorems by polar reciprocation with respect to a circle. 

Q. Two parabolas with the same focus and distinct axes have just one real 
finite common tangent and the angle which its imints of contact subtend at the 
focus is equal to the angle between the axes. 

10. A variable conic has a fixed focus and passes through two given points. 
Show that the locus of the point of intersection of the tangents at these points 
consists of two perpendicular lines through the focus. What can be said of 
the envelope of the directrix which corresponds to the given focus? 

11. If two tangents to a parabola move always so that their points of contact 
subtend a right angle at the focus, the locus of their jwint of intersection is a 
rectangular hyperbola. 

12. If the diagonals of a quadrilateral inscribed in a circle are perpendicular 
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and intersect in a fixed pointy the four sides are tangent to c conic with the 
fixed point as a focus. 

13. Two circles having imaginary finite points of intersection can be reci- 
procated into two confocal conics by taking, as the center of the circle of 
reciprocation, the center of one of the two null circles of the pencil of circles 
determined by the two giveii circles. Establish this fact, and hence prove that 
the contact points of a common tangent to the two circles subtend a right 
angle at the center of either of the null circles. 

Generalize by projection the following theorems. 

14. If two circles arc tangent internally and the diameter of one is half that 
of the other, a chord of the larger drawn from the point of contact is bisected 
by the smaller. 

15. The theorem of Ex. 2. 

16. I'he locus of the point of intersection of perpendicular tangents to a 
parabola is the directrix. 

17. The locus of the two points in which a chord of a circle is divided inter- 
nally in a given ratio when the chord moves so that it always remains parallel 
to a diameter is an ellipse which hjis double contact with the circle at the ex- 
tremities of the perpendicular diameter. 

18. Two circles intersect in A and B. Through A any secant is drawn, cut- 
ting the two circles in C and Z). The locus of the mid-point of CD is a circle 
through A and B with its center midway between the centers of the given circles. 

IQ. The locus of the center of a variable circle which passes through a 
fixed point and is tangent to a fixed line is a parabola which has the fixed point 
as focus and the fixed line as directrix. 

20. The theorem of Ex. 10. 

Prove the following theorems by projection. 

21. The theorem of Ch, II, § 6, Ex, 6. 

22. An arbitrary tangent to one of three nondegenerate conics of a pencil of 
Type III, except a common tangent, is cut by the other two conics in four points 
whose cross ratio is constant. 

23. If two triangles with distinct sides are circumscribed about a conic, 
their six vertices lie on a conic. 

Suggestion. Reduce to the proposition which appears as the answer to Ex. 8. 

24. If two triangles with distinct vertices are both self-conjugate with re- 
spect to a conic, their six vertices lie on a conic. See Ch. XVI, § 16, Ex, 4. 

25. Show that each of two distinct equal circles has the same reciprocal 
polar curve with respect to the other if and only if the square of the distance 
between their centers is equal to three times the square of their common 
radius, and that the common reciprocal polar curve is then a hyperbola with 
the centers of the circles as foci and their common radius as major axis. 
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26. Fh)ve that the three conics of the preceding exercise^ the two circles 
and the hyperbola, have the property that each two are polar reciprocals with 
respect to the third. 

27. Show that the polar reciprocal, with respect to XOijXiXj 0, of 

ZhiiXxXi “ 0 is — 0, where 

Ct, = S 

28. Let A, R, C be three nondegenerate conics. Show that, if B and C are 
polar reciprocals with respect to A, and C and A are polar reciprocals with 
respect to R, then A and R are polar reciprocals with respect to C. 
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THE CIRCLE 

A. The Cartesian Geometry op the Circle 

1. Introduction. We shall begin our study of the circle from the 
point of view of metric geometry considered as a subgeometry of 
projective geometry. We shall be interested only in real circles and 
their relationships to one another and to real points and real straight 
lines. 

A real circle is the locus of an equation of the form 

0 ) ai(a:i + 0*2) + a 2 TiX 8 + 03X2X3 + 04X3 = 0 , 

where X]j X2, X3 are homogeneous Cartesian coordinates and Ui, 02, 03, 04 
are real constants, not all zero. 

If ai 7*^ 0. (1) may be rewritten, in nonhomogencous coordinates, as 



where 

( 3 ) (a, a) = nl “h Ra 4 ^104. 


We shall say that the circle ( 1 ) is proper if ai(a, a) 9^ 0, and degenerate 
if ai(a, a) = 0. 

If (1) is proper: ai 3^ 0 , (a, n) 9^ 0 , the square of the radius is 



Thus, a proper circle is either a circle with a real trace: (a, a) > 0, or a 
circle without a real trace : (a, a) < 0. 

We distinguish three types of degenerate circles: 

(а) Null Circles: ai 9^ 0, (a, a) = 0 . A null circle has a real finite 
center, but its radius is zero. It consists of the two isotropic lines 
through the center. 

(б) Finite Line Circles: ai = 0, (a, a) 9^ 0 . Here the circle consists 
of a real finite line and the line at infinity. 

(c) Infinite Line Circle: ai = 0, (a, a) = 0. The line at infinity, 
counted twice. 
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Though we shall devote our attention primarily to proper circles, 
and more particularly to those with real traces, we shall find the circles 
without real traces and the degenerate circles very useful, not only in 
enabling us to treat as special cases of a theorem what would otherwise 
be troublesome exceptional cases, but also in illuminating aspects of 
the theory which would otherwise be obscure. 

It is readily proved analytically that two proper circles have in 
common, besides the circular points at infinity, two other points.* 
According as these two points are real and distinct, real and coincident, 
or conjugate-imaginary, we shall describe the circles as intersecting, 
tangent, or nonintersecting, inasmuch as they actually fit these descrip- 
tions in the domain of real points in which we are primarily interested. 

Straight lines and points, other than those which, as component 
parts of a circle, arc necessarily imaginary or infinite, shall be under- 
stood to be real and finite, unless the contrary is explicitly stated. 

Exercise. Two proper circles, one or both of which are without real traces, 
are nonintersecting and, furthermore, can never be tangent at a finite point, 
real or imaginary. Why? 

2, Power of a Point with respect to a Circle. Let C be a circle 
with a real trace with center 0 and radius r, and let P be a point. 
Through P draw a line meeting C in the points Pi, P 2 . The product of 
the directed distances from P to Pi and P 2 is independent of the line 
chosen, and is known as the power, p, of the point P with respect to C : 

p = PPI-PP2. 

Evidently p is positive, zero, or negative, according as P lies outside, 
on, or inside C, 

Taking the line P 1 P 2 as the diameter through P, we find 
(1) p = 0P2 - r\ 

Theorem 1. The power of a point with respect to a proper circle is 
equal to the square of the distance of the point from the center of the circle 
minus the square of the radius. 

The content of this statement is to be regarded afe definition for a 
circle without a real trace. In this case, since < 0, p is always 
positive. 

* These two points are finite, unless the circles arc concentric. In this ciise 
the points coincide respectively with the circular points, each of which is then 
considered as counting twice. 
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Let C now be any proper circle and T the point of contact^ real or 
imaginary, of a tangent drawn to it from P. If the tangent is not an 
isotropic line, the radius OT is perpendicular to it and, since the 
Pythagorean Theorem holds, 

(2) p - PT*. 

If the tangent is an isotropic, P is at 0, T is at infinity and PT^ does 
not exist. We agree to define PT^ here as equal to — in order 
that (2) be universally valid. 

Theorem 2. The power of a point with respect to a proper circle is 
equal to the square of the tangent distance from the point to the circle. 

Exercise. Show that the pc)wer of a point inside a circle with a real trace, 
with respect to the circle, is equal to minus the square of half of the chord 
which is perpendicular at the point to the diameter through the point. 

3. Orthogonal Circles. Points Inverse in a Circle. Let C7], Ct 
be two proper circles with centers Oi, O 2 and squares of radii rj, rl- 
If Cl, C 2 are not concentric, the relation 

(1) 0i0i= + 

expresses the condition that radii drawn to a finite, real or imaginary, 
point of intersection be mutually perpendicular, and hence that Ci, 
C 2 be mutually orthogonal. If Ci, C 2 are concentric, we agree to take 
(1) as the definition of orthogonality. 

In connection with (1), we note that OiO\ — r\ is the power of O 2 
with respect to Ci. Hence we obtain a theorem closely related to 
Theorem 2 of § 2. 

Theorem 1. A proper circle cuts a given proper circle orthogonally ij 
and only if the square of its radius is equal to the power of its center with 
respect to the given circle. 

It follows that all the' proper circles orthogonal to a circle without a 
real trace have real traces, whereas a proper circle orthogonal to a 
circle with a real trace may be of either type; see Ex. 3. 

Points Inverse in a Circle. Two distinct points Pi, P 2 shall be said 
to be mutually inverse in a proper or finite line circle C if they are points 
of intersection of two proper circles Ci, C 2 which are orthogonal to C. 
The points Pi, P 2 are, by agreement (§ 1), retl finite points. The 
circles Ci, Ci have, then, real traces. 

If C is a finite line circle, the centers of the two circles Ci, C 2 orthog- 
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onal to it lie on its finite line, and the points Pi, P% are symmetric in 
this line. 

Theorem 2. Two distinct points are mviually inverse in a finite line 
circle C if and only if they are reflec- 
tions of one another in the finite line of C, 

We proc(ied to show that, if C is a 
proper circle, the points Pi, P 2 are col- 
linear with its center 0. Let the line 
OPi intersect Ci and C 2 again in Pi 
and P 2 respectively. Since C is or- 
thogonal to Cl and C 2 , the square of its 
radius r^ is equal to the powers of 
its center with respect to Ci and C 2 : 

r2 = 0Pj>0F2 = OPfOPi'. 

Consequently Pi, Pi^ coincide, in P 2 , and 0, Pi, P 2 are collinear. 

Theorem 3. Two distinct points are mutually inverse in a proper 
circle with center 0 and square of radius r^ if and only if they are collinear 
with 0 and 

(2) OPrOp2=r\ 

The necessity of the condition follows from the preceding argument. 
Conversely, equation (2), in connection with the fact that Pi, P 2 are 
collinear with 0, says that every proper circle through Pi, P 2 is orthog- 
onal to C. 

Theorem 4. Two distinct points are mutually inverse in a proper 
circle C if and only if they are collinear with the center of C and orWy and 
hence every, proper circle through them is orthogonal to C, 

This theorem follows directly from the preceding developments. 

EXERCISES 

1. Show that two points are mutually inverse in a proper circle if and only if 
they lie on a line through the center and sejiarate harmonic-ally the points, real 
or imaginary, in which this line meets the circle. 

2. Prove directly that two circles without real traces can never be mutually 
orthogonal. Show that a circle without a real trace, with center 0 and square 
of radius r®, is orthogonal to the circle with a real trace, with center 0 and 
square of radius ~ r^. 

3. There is a unique proper circle with a given point as center which is 
orthogonal to a given proper circle, provided the point does not lie on the given 
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circle. The circle always has a real trace, unless the given circle has a real 
trace and the given point lies within it. 

4. A necessary and sufficient condition that a proper circle be orthogonal to 
a circle without a real trace, with center O and square of radius r®, is that it 
intersect in diametrically opposite points the circle with a real trace with center 
O and square of radius — or coincide with this circle. 


4. The Radical Axis of Two Circles. Coaxal Systems. If a point 
P moves BO that it always has equal powers with respect to two proper 
circles, with centers Oi, O2 and squares of radii rf, rl, we have, by 

§ 2 , ( 1 ), 

OiP® - O2P" = n - tI 


If M is the foot of the perpendicular from P on O1O2, an equivalent 
relation is 


OiM* - O2M* = r? - rl. 


But always 
Hence 


OiM - OiM = OiOt. 


OiM = 


OxOl -I- r? - rl 

2 0I02 


Evidently, OiAf is constant and il/ is a fixed point. Thus, the locus of 
P is the straight line through M perpendicular to O1O2.* 

The argument breaks down when the given circles are concentric. 
But then the difference of the two powers of P has a constant value, 
not zero, and their ratio approaches unity when P recedes indefinitely, 
so that it is natural to take, as the locus, the line at infinity. 

Theoheivi 1 . The locus of a point which moves so that its powers with 
respect to two distinct proper circles are equal is a straight line. 

The line is called the radical axis of the two circles. 

Theorem 2 a. Theyadical axis of two intersecting proper circles is 
their common chord, and that of two tangent proper circles, their common 
tangent. 

For, the radical axis is perpendicular to the line of centers and 
necessarily contains every finite point common to the two circles. 

The radical axis of two nonintersecting circles intersects neither 
circle, that is, of course, in the real domain. Why? 

♦ By retracing steps it can be proved that every point on the line actually 
belongs to the locus. 
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If two distinct points * Pi, P 2 are mutually inverse in each of two 
given proper circles, the circle on P 1 P 2 as diameter cuts each of the 
given circles orthogonally (§ 3, Th. 4). By § 3, Th. 1, the center of 
this circle is the point M in which the 
radical axis of the given circles meets 
their line of centers, and the radius is 
the square root of the power of M . 

The power of M is, then, positive. 

According as two proper circles are 
intersecting, tangent, or concentric, 
the power of M is negative, zero, or undefined, and hence in these 
cases distinct points mutually inverse in the two circles fail to exist. 
On the other hand, if the two circles arc nonintersecting with different 
centers, their radical axis intersects neither, the power of M is positive, 
and there are just two points Pj, P2 mutually inverse in both circles. 

Theorem 3. There exist two distinct points mutually inverse in each 
of two proper circles if and only if the circles are nonintersecting and have 
distinct centers. 

Incidentally, we have also obtained the complement of Theorem 2 a. 

Theorem 2 h. The radical axis of two nonintersecting proper circles 
with distinct centers is the perpendicular bisector of the line-segment 
bounded by the two points which are mutually inverse in both circleSj and 
the common power of the point M in which it meets the line of centers is 
equal to the square of the distance from M to either of these points. The 
radical axis of two concentric proper circles is the line at infinity, 

Coaxal Circles and Coaxal Systems. Of three proper circles Ci, C 2 , Ca, 
let Cl, C2 and Ci, C3 have the same radical axis L, If L is a finite line, 
every point of it has the same power with respect to all three circles; 
if L is the line at infinity, the three circles are concentric. In both 
cases, L is also the radical axis of C2, C3. 

Theorem 4. If, of the pairs of circles which may be formed from three 
proper circles, two pairs have the same line as radical axis, this line is 
also the radical axis of the third pair. 

The three circles are termed coaxal, and each is said to be coaxal with 
the other two. 

♦ The reader will recall that by points ” we always mean real finite points 
unless the contrary is explicitly stated- 



Fig. 2 
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Theorem 5. A necessary and sufficient condition that a proper circle 
oe coaxal with two proper circles is that it go through their points of inter^ 
section if they intersect^ he tangent to them at their common point if they 
arc tangent, share with them their common pair of inverse points if they 
are nonintersecting and have different centers, and he concentric with them 
if they are concentric. 

We give the proof in the only diiSicult case. Let C\, C2 be two non- 
intersecting proper circles with distinct centers, and let Pi, P2 be the 
two points mutually inverse in both. Suppose that C is an arbitrary 
proper circle in which Pi, P2 are inverse. Then, since Pi, P2 are 
mutually inverse in both C and Ci, C and Ci are nonintersecting circles 
with different centers, by Th. 3. Consequently, Theorem 2 h can be 
applied and guarantees the same radical axis for C and Ci as for Ci 
and C2. Conversely, if C is coaxal with Ci and C2, C and Ci are non- 
intersecting circles with distinct centers, since otherwise C\ and C2 
would not be. Moreover, by Th. 2 h, the line of centers of C and Ci is 
the line of centers of Ci and C2, and the point M in which the common 
radical axis meets this line has the same positive power with respect to 
all three circles. But, again by Th. 2 h, the two points mutually in- 
verse in C and Ci lie on the line of centers at a common distance from 
M equal to the square root of the power of M, and hence must be the 
points Pi, P2 mutually inverse in Ci and C2. 

The totality of all proper circles coaxal with two proper circles is 
called a coaxal system. From Theorem 5 we have: 

Theorem 6 . There are coaxal systems of four descriptions: (A) the 
circles through two points; (B) the circles tangent to a straight line at a 
given point; (C) the circles in which two points are mutually inverse; and 
{c) the circles with a given point as center. 

It is obvious that all the circles of a system of type (A) or (B) have 
real traces. It is equally evident that a system of type (c) contains 
circles of both kinds. This is true also of a system of type (C): 

Theorem 7. Each point collinear with two given points, other than the 
points themselves, is the center of a unique proper circle in which the given 
points are mutually inverse. The circle has, or has not, a real trace ac- 
cording as Us center is exterior or interior to the line-segment hounded by 
the given points. 

The proof of the theorem we leave to the reader. 
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EXERCISES 

1 . Give the proof of Theorem 5 in the first case. 

2. Establish Theorem 7. Plot accurately a large number of the circles with 
real traces which belong to a coaxal system of type (C). 

3. Prove that the mid-points of the four common tangents to two mutually 
external circles with real traces arc collinear. 

S. Continuation. Analytic Treatment. The power of the point 
P : (a?, y) with respect to the proper circle 

{x - xoY + iy - yoY = f* 

is, by § 2, (1), 

p = (» — *o)* + iy — yoY — r*- 

Theorem 1. The power of the point {x, y) with respect to the proper 
circle 

a(x, y) = + y^ + (Hx + a^y + ai = 0 

is a(Xf y). 

The content of the theorem is to be taken as the definition of the 
power of an imaginary point. 

A complex point (x, y) has, then, the same power with respect to 
y) = + y"^ + ^2X + h3y -{-hi — 0 

as it has with respect to a = 0 when and only when a(x, y) “ /3(x, y). 

Theorem 2. The equation of the radical axis of the proper circles^ 
a = 0 and =* 0 is a — ^ = 0* 

Coaxal Systems. Assume that, in conjunction with of = 0, ^ = 0, a 
third proper circle, 

y(x, y) = -{- y^ CtX + c^y -f- C4 = 0, 

is given. The radical axis, a— 7 = 0, ofa = 0 and 7 = 0 is the same 
as the radical axis, a— j3=0, ofa=0 and ^ = 0 if and only if two 
constants m, n, neither zero, exist so that 

m(a — /3) + ri(a — 7) = 0, 

* When the two circles are concentric, o? = 03 ” h^, and the equation 

a 15 = 0 has a locus only after homogeneous coordinates have been intro- 
duced in it. .1 

In this connection, imagine a = 0, /? = 0 themselves written m homogeneous 

coordinates. Then the equation 

a _ » C(®2 h2)xi -{- (fts — h^X2 "h (^^4 bi)xzJiXz = 0 

has as its locus the radical axis and the line at infinity. Hence, from the point 
of view of the projective geometry of conics (Ch. XVI, § 7), the radial axis is 
the common chord of the two circles which is opposite to the line at infinity. 
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or 

n 7 = (m + n) Of — m j3. 

Theorem 3. A necessary and sufficient condition that a 'proper circle 
he coaxal with two given proper circles is that it be linearly dependent on 
them. 

Thus the system of circles coaxal with a = 0, = 0, as defined in 

§ 4, consists of the proper circles in the totality of circles, 

k a + I P = 0, 

linearly dependent on a = 0, = 0. We now extend the definition so 

that the coaxal system will include all the circles of this totality. In 
other words, we agree henceforth to think of a coaxal system as 
identical with the totality of circles, proper and degenerate, which are 
linearly dependent on two proper circles. 

One degenerate circle of the coaxal system consists of the radical 
axis Of — == 0 and the line at infinity.* This is evidently the only 

line circle in the system. 

If aa = b 2 and as = bz, the circles of the system, other than the line 
circle, are precisely the circles with the point (a^, as, — 2) as center. 
Hence a system of type (c) contains one null circle. 

If tt2 62 or 03 7*^ 63, the system is of type (^), (B), or (C). The 
centers of its circles, other than the line circle, are readily seen to be 
precisely the finite points of the range of points (k Oz + I &«, ka-i + I hz, 
— 2{k + 1)). Hence there are as many null circles in the system as 
there arc finite points of this range which do not serve as centers of 
proper circles of the system. Inspection of the various cases shows 
that there are no, one, or two null circles according as the system is of 
type (i4), (7^), or ((7). The centers of the null circles of a system (C) 
are the two points mutually inverse in the proper circles of the system, 
and the center of the null circle of a system {B) is the point of contact 
of the circles of the system. 

Theorem 4. Every coaxal system contains just one line circle^ conn 
sisting of the radical axis and the line at infinity. The centers of the 
remaining circles are the finite points of a line perpendicular to the radical 
axiSy except in the case of a system (c), when they all coincide. 

The four types of coaxal systems are shown in Fig. 3. 

See the preceding footnote. 



THE CIRCLE 


353 


Theorem 5. The locus of a pointy real or imaginary, which moves so 
that the ratio of its powers with respect to two proper circles is constant is 
a circle * coaxal with the two circles, and conversely. 

This important criterion for coaxal circles is a consequence of The- 
orems 1 and 3. 

Pencils of Circles. If 

a = ai{x\ + xl) + 02X1X3 + 03X2X3 + Oixl = 0, 

0 = hi{xi + xt) + b 2 XiX 3 + 63X2.T3 + hixl = 0, 
are two distinct circles, the totality of circles 

k a 1 0 = 0 

is known as a pencil of circles. 

If ai = 0 and h = 0, all the circles of the pencil are line circles, and 
conversely. The pencil consists of a pencil of lines with the line at 
infinity adjoined to each line to form a circle. Hence, it is of one of 
the types (a), (b) schematically pictured in Fig. 3. 



Theorem 6 . A pencil of circles is cither a coaxal system or a pencil 
of line circles. 

In proving this theorem we shall make use of the following lemma 
(see Ch. XVI, § 4, Th. 1). 

Lemma. Any two distinct circles of a pencil can be taken as the base 
circles oc ~ 0, = 0. 

We have seen that if ai = 0 and fei = 0, the pencil is a pencil of line 

♦ Strictly speaking, the locus consists of the finite points of the circle. 
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circles. If at, bi are not both zero, it can be shown that the pencil 
contains only a finite number of degenerate circles and hence an infi- 
nite number of proper circles. If two of the proper circles are taken as 
the base circles, the pencil becomes the totality of circles linearly de- 
pendent on two proper circles and so is a coaxal system. 

EXERCISES 

1. Show that a necessary and sufficient condition that the circle described 
on the line-segment bounded by two points collinear with the centers of two 
given proper circles as a diameter be coaxal with these circles is that the ratio 
of the powers of one point with respect to them be equal to the ratio of the 
powers of the other. 

2. Every circle in which two given points are mutually inverse is the locus 
of a point, real or imaginary, which moves so that the ratio of the squares of its 
j istances to the given points is constant, 9 ^ 0, and conversely. 

3. Ttu*ough a point common to all the circles of a coaxal system (^) two lines, 
other than the radical axis, are drawn. Show that the ranges of their second 
points of intersection with the circles are projective, in that corresponding 
distances have a fixed ratio. 

Suggestion. Use similar triangles. 

4. A straight line meets each of two circles with real traces in distinct points. 
Show that the tangents to the one circle at its points of intersection with the 
line meet the tangents to the other circle at its points of intersection with the 
line in four points which lie on a circle coaxal with the given circles. 

Suggestion. Employ Theorem 5, first a]>plying the law of sines to an 
arbitrary triangle formed by the given line and two tangents, one to each circle. 

5. If the vertices of a coini)lete quadrangle lie on a circle with a real trace, a 
line which forms with one pair of opposite sides an isosceles triangle forms with 
each pair of opposite sides an isosceles triangle, provided it does not contain a 
diagonal point. A circle can then be drawn tangent to any chosen pair of 
opposite sides at their points of intersection with the line. The three circles 
of this description and the given circle lu-e coaxal. 

6 . The radical circle of two proper circles is the locus of a point, real or imagi- 
nary, which moves so that its powers Avith respect to the given circles are 
negatives of one another. Show that the radical circle is coaxal with the given 
circles and has its center in the point halfway betwt^en their centers. When 
is it a circle with a real trace? A null circle? A circle without a real trace? 

7. Show that, if the radical circle has a real trace, it is the locus of the centers 
of circles which cut one of the two given circles orthogonally and are cut by the 
other in diametrically opposite points. 

8 . A coaxal system (A) consists of all the circles through two real finite 
points; show that a coaxal system (C) consists of all the circles through two 
conjugate-imaginary finite points. The system (C) contains two real null 
circles; show that the system (A) contains two conjugate-imaginary null 
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circles. Prove that both systems are of Type I in the sense of Oh. XVI, § 4 
and that both contain three distinct, real or imaginary, degenerate circles, 
two of which are null circles and the third a line circle. 

Show that a coaxal system (R) is of Type II and that, of its three degenerate 
circles, the two null circles coincide. Of what type is a coaxal system (c)? 

6. Orthogonal Circles and Orthogonal Systems. We consider first 
the proper circles orthogonal to two proper circles. From § 3, Th. 1, 
we conclude at once: 

Theorem la. A 'proper circle is orthogonal to two nonconcentric 
proper circles if and only if its center is a point on their radical axis and 
the square of its radius is the common power of the point with respect 
to them. 

We add a second criterion of a different nature. 

Theorem 16. A necessary and sufficient condition that a proper 
circle be orthogonal to two nonconcentric proper circles is that it go through 
the two points mutually inverse in both if they are nonintersecting, cut them 
at right angles at their common point if they are tangent, and have their 
common points as inverse points if they intersect. 

The second part of the theorem follows from Theorem 1 a. The 
other two parts are direct consequences of the theory of orthogonal 
circles and inverse points. For example, according to § 3, Th. 4, a 
circle orthogonal to two nonintersecting proper circles with distinct 
centers must cut the line of centers in two points mutually inverse in 
both, and conversely. 

The two theorems tell us that the proper circles orthogonal to our 
two circles arc the proper circles of a coaxal system. Hence we are led 
to announce 

Theorem 2. All the circles orthogonal to two given proper noncon^ 
centric circles constitute a coaxal system; they are orthogonal also to all the 
circles coaxal with the given circles. 

Theorem 3. Orthogonal to all the circles of a coaxal system of non~ 
concentric circles are the circles of a second coaxal system. The two sys- 
tems either are of types (A) and (C) or both are of type {B). The line of 
centers of the one is always the radical axis of the other, and the centers of 
the null circles of the one, when they exist, are the points common to all the 
circles of the other. 

That these theorems are true for all the circles involved, degenerate 
as well as proper, will be evident once we have extended our criterion 
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for the orthogonality of proper circles so that it is applicable to all 
circles. 

The criterion for proper circles, to the effect that the square of the 
distance between the centers be equal to the sum of the squares of the 
radii, when expressed in terms of the coefficients in the equations, 

OL = ai{x\ + + a^XxXz + a^xzXz + a^xl = 0 , 

0 = bi{xi + X 2 ) + hzXiXz + bzXzXz + biXz = 0 , 

becomes 

azhz + azbz — 2 <1164 — 2 a^bi = 0 . 

We agree to extend the validity of the criterion in this form to all 
circles. 

Definition. The two circles, a : a = 0 and b :^ = 0, are mviually 
orthogonal if and only if 

(a, b) = 0, 

where 

((X, b) = ajbz + dJbz — 2 aJ)A — 2 ajbu 

The geometrical significance of the definition in the various possible 
cases is readily established. 

Theorem 4. Only when the center of a null circle lies on a given circle 
is the null circle orthogonal to the given circle. A finite line circle is 
orthogonal to a 'proper or null circle only if it contains the center of this 
circle. Two finite line circles are orthogonal only when their finite lines 
are perpendicular. The infinite line circle is orthogonal to every line 
circle and to no other circle. 

Inspection now shows that Theorems 2, 3 are true in every detail. 
In fact, we may go further and generalize them. 

Theorem 5. Orthogonal to two distinct circles, and hence to all the 
circles of their pencil, are all the circles of a second pencil. 

For a circle s which is orthogonal to two given circles a and b, 
we have 

— 2 (I4S1 “1“ U2S2 H" O3S3 ““ 2 CIi 54 = 0, 

— 2 64^1 “h bzSz d" — 2 61S4 = 0. 

Since a and 6 are distinct, the rank of this system of two linear homo- 
geneous equations in the four unknowns S\,S 2 ,Sz,Sa^ is two. Consequently, 
the solutions of the system are linearly dependent on two nonpropor- 
tional solutions. Geometrically; the circles orthogonal to a and b are 
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linearly dependent on two distinct circles, that is, form a pencil. On 
the other hand, if (a, s) = 0 and (6, s) = 0, then k(a, s) + 1(6, s) = 0 
or (k o + 1 6, s) = 0, no matter what values k, I have. Hence each 
circle s orthogonal to a and b is orthogonal to every circle A; o + 1 6 of 
their pencil. 



( 66 ) 

Fig. 4 


Two pencils related as in Theorem 3 or 5 are said to be conjugate to 
one another and to form together an orthogonal system. The four 
different types of orthogonal systems are shown in Fig. 4. 

Circles Orthogonal to Three Circles. The basis of the geometrical 
discussion in this case is the following theorem. / 

Theorem 6. The radical axes of the pairs of circles formed from three 
noncoaxal proper circles go through a pointy which is finite or at infinity 
according as the centers of the three circles are noty or are, collinear. 

Since the given circles are not coaxal, the three radical axes are dis- 
tinct (§ 4, Th. 4). If the centers of the three circles are collinear, the 
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radical axes are parallel, or two are parallel and the third is the line at 
infinity. Conversely, if the radical axes concur in a point at infinity, 
the centers lie on a line perpendicular to the finite radical axes. Hence, 
if the centers are not collinear, the radical axes cannot concur in an 
infinite point. There is, therefore, a finite point which is common to 
two of the radical axes; but this point evidently has the same power 
with respect to all three circles and so lies on the third radical axis. 

The point common to the radical axes is known as the radical center 
of the three circles. 

Corollary. If the radical center is finitCj it has the same power with 
respect to all three circles and lies inside^ on, or outside all three* 

The reader can now readily establish 

Theorem 7. There is a unique circle orthogonal to three noncoaxal 
proper circles. It is a finite line circle if the radical center is at infinity. 
If the radical center is finite, it is a circle with a real trace, a null circle, 
or a circle without a real trace according as the radical center is outside, on, 
or inside the given circles. 

We prove the generalization: 

Theorem 8. There is a unique circle orthogonal to three circles which 
do not belong to the same pencil. 

Let a, h, c be the given circles. Since they are linearly independent, 
by hypothesis, the rank of the matrix of the coefficients in their equa- 
tions is three. Hence the rank of the matrix of the three linear homo- 
geneous equations, 

{a, s) = 0, (6, s) = 0, (c, s) = 0, 

in the four unknowns si, S 2 , Sa, S 4 , is three. Therefore, Sj, S 2 , S 3 , S 4 , not 

all zero, are determined to within a factor of proportionality, and the 
theorem is proved. 

Theorem 9. If there exists more than one circle orthogonal to three 
circles, the three circles belong to a pencil. 

EXERCISES 

Prove: 

1 . Theorem 1 6, third part. 2. Theorem 4. 3. Theorem 7. 

4 , Give a construction, based on Theorem 6, for the radical axis of two 

nonintersecting circles with real traces and distinct centers. 

* A point is outside, on, or inside a proper circle according as its power with 
respect to the circle is positive, zero, or negative. This theorem for circles 
with a real trace we take as definition for circles without a real trace; every 
point is, then, outside a circle of this type. 
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5. The three coaxal systems determined by the pairs of circles formed from 
three noncoaxal proper circles are all of type (C). Show that the centers of 
the six null circles in them lie on a circle. 

6. Show that there is a unique circle in a pencil which is orthogonal to a 
given circle not belonging to the conjugate pencil. 

7. Prove that, if there is a unique circle in a pencil orthogonal to all the 
circles of a second pencil, there is a unique circle in the second pencil orthogonal 
to all the circles of the first. 

8. Two circles are linearly dependent only if they coincide; three, only 
when they belong to the same pencil; and four, only when they admit a ex^mmon 
orthogonal circle. Five circles are always linearly dependent. Prove these 
propositions. 

9. Prove that four distinct circles are linearly dependent if and only if, 
when they are paired, the pencils determined by the two pairs have a circle in 
common. 

10. The coaxal systems determined by two distinct pairs of proper circles 
Cl, C2 and Cj, C4 have a circle in ciommon. Show that if ci, Cj, and also cj, C4, are 
intersecting circles, the four points of intersection are concyclic. 

7. Centers of Similitude of Two Circles. A homothetic trans- 
formation, 

(1) z' = p x + a, y' = py + h, p9^ 0, 

other than the identity, is i) a radial transformation of similarity 
(p > 0, 1), or ii) a radial transformation of similarity (or the 

identity) followed by a reflection in a point (p < 0), or Hi) a trans- 
lation (p = 1). In cases i) and u), the finite fixed point, or center, 
has the homogeneous coordinates (a, 6, 1 — p).* 

A transformation ii) may equally well be described as a radial trans- 
formation of similarity with negative ratio of similitude, and a transla- 
tion Hi) as a degenerate radial transformation with center at the 
point at infinity (a, 6, 0) in the direction of translation and ratio of 
similitude unity. Accordingly, we agree to call the point (a, 6, 1 — p) 
the center, and p the ratio of similitude, of an arbitrary transformation 
(1), other than the identity. 

If there is to be a (real) homothetic transformation which carries a 
given proper circle C into a prescribed proper circle &, both circles 

* All these facts are evident once we note that, if p 1, (1) can be re- 
written in the form 

x' — xo ^ p(x — xo), y' - yo p(y — yo), 

where (xo, yo) is the point with homogeneous coordinates (a, 6, 1 — p). 
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must have real traces or both must be without real traces. We restrict 
ourselves to the former case as the one of greater interest. 

If C and C' are mutually external, it is geometrically evident (Fig. 5) 
that there are two homothetic transformations which carry C into C\ 
Their centers are respectively the points of intersection of the direct and 

transverse common tangents and their 
ratios of similitude are r'/r and — r'/^, 
where r and r' are the radii of C and C\ 
In any case, a homothetic transfor- 
mation which carries C into C' neces- 
sarily carries the center 0 of C into the 
center O' of O', and has as its ratio of 
r'/r. Its center must then divide the line-segment 
00' in the ratio r/r' or — r/r', if 0 and O' are distinct, and coincide 
with 0 and 0' if they are identical. 

Theorem 1. There are always just two homothetic transformations 
which carry a given circle with a real trace into a second given circle with 
a real trace. 



similitude r'yV or 


The center of the transformation with positive ratio of similitude is 
called the external center of similitude, and that of the transformation 
with negative ratio, the internal center of similitude, of the two circles. 

Theorem 2. The exterrial and internal centers of similitude of two 
nonccncentric circles C, C' divide the centers 0, O' harmonically, in the 
ratios rjr^ and — r/r'. Those of two concentric circles coincide in the 
common center. 

The centers of similitude constitute a pair of opposite points of inter- 
section of common tangents to C and O' (Ch. XVI, § 13); the external 
center is the point of intersection of the two common tangents which, 
when real, arc the direct common tangents, and the internal center is 
the point of intersection of the two common tangents which, when real, 
are the transverse common tangents. When 0 and 0' arc concentric, 
these two pairs of tangents coincide in the isotropic lines through the 
common center.* 

It is evident from these considerations that a center of similitude is 
outside, on, or inside both circles. 


Theorem 3. The centers of similitude of the pairs of circles formed 

* If C, C' are tangent at a finite point P, the tangents of one pcir coincide 
in the tangent at F and their point of intersection becomes the point P, 
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from three circles with real traces and noncollinear centers are the vertices 
of a complete quadrilateral^ whose diagonal triangle is the triangle 
determined by the centers of the circles. 

Let the circles be Ci, C2, C3, their centers Oi, O2, O3, and their radii 
n, r2, ra. Denote the external and internal centers of similitude of 
Ck and Cihy Eki and In respectively. The three external centers of 
similitude En, E23, En divide the line-segments O1O2, O2O3, O3O1 in 
ratios ri/r2, ra/ra, r^/ri whose product is unity. Hence they are col- 
linear by the Theorem of Menelaus (Ch. VI, § 6). Similarly, the 
external center of similitude of each of the three pairs of circles is 
collinear with the internal centers of similitude of the other two pairs. 
Thus the six centers of similitude lie by threes on four lines. The 
diagonals of the complete quadrilateral ft)rmed by these lines are the 
sides of the triangle O1O2O3. Why? 

The four sides of the quadrilateral are known as the axes of similitude 
of the three circles, that containing the external centers of similitude 
as the external axiSy and the other three as the internal axes. 


Circle of Similitude of Two Circles. The centers of similitude, E and 
7, of two circles Ci, C2 with distinct centers Oi, O2 and unequal radii 
n, r2 are distinct and finite. There exists, then, a circle described on 
El as diameter. This circle is known as the circle of similitude of 
Cl, C2. 

When Oi, O2 are the same point 0 , the circle of similitude degener- 
ates into the null circle with center at O. When ri = r-2, it degenerates 
into the line at infinity and the line through I perpendicular to O1O2. 

In each of these special cases, the circle of similitude evidently is 
coaxal with Ci, C2. To prove that this is true also in the general case, 
it suffices to show that the ratio of the powers of one of the centers of 
similitude with respect to Ci, C2 is equal to the ratio of the powers of 
the other (§ 5, Ex. 1). If P is cither center of similitude, we ^ve, 
by Th. 2 , 


whence 


or 


2 

7'1 


O.P^ 
— r * 

r2 


OiP* - rl - ri 


r\ 


r2 


Pi P2 ^ 


rl 


2 

r2 


( 2 ) 
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where pi, are the powers of P with respect to Ci, Cz, ITius, the 
proposition is proved. 

Inspection shows that (2) holds for the point 0 of the first of the 
special cases and for the point I of the second. Hence we have in all 
cases; 

Theorem 4. The circle of similitude of two circles with real traces is 

coaxal with them. It is the 
locus of a point which moves 
so that its powers with respect 
to the circles are as the squares 
of their radii. 

The condition that a point 
P lie on the circle of simili- 
tude, written in terms of the 
squares of the tangent dis- 


An equivalent condition, as is evident from Fig. 6, is 

cot*-^ Oi == cot^ $2. 

Thus we have obtained the property from which the circle of similitude 
derives its name. 

Theorem 5. The circle of similitude is the locus of points at which 
the two circles subtend the same angle.* 

EXERCISES 

1. Show that, if two circles are tangent to a third, one of their centers of 
similitude is collinear with the points of contact. 

2. The six lines obtained by joining the center cf each of three circles with 
real l^ces and noncollinear centers to the centers of similitude of the other two 
are the sides of a complete quadrangle, whose diagonal points are the (lenters 
of the circles. 

3. Prove that the circle of similitude of two circles with real traces is the 
locus of a point moving so that its distances to the centers of the two circles 
are as their radii. 

4 . Show that, if the two circles of § 5, Ex. 4 cut equal segments from the 
straight line, the circle on which the points of intersection of the tangents lie is 
the circle of similitude. 

* The theorem does not hold for the first of the special cases. Why not? 



Fig. 6 


tances tl, t\ from P to Ci, C 2 , is 
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5* If two circles have four real distinct common tangents, the points of inter- 
section of these common tangents, other than the centers of similitude, lie on 
the circle constructed on the line-segment bounded by the centers of the given 
circles as diameter. 

Kstablish the following theorems concerning the three circles of sirriilitude of 
the pairs of circles forme’d from three given circles with real traces and noncollincar 
centers. 

6. Every circle orthogonal to the three given circjles is also orthogonal to the 
three circles of similitude. 

7. The circle which goes through the centers of the three given circles is 
orthogonal to the three circles of similitude. 

8. The three circles of similitude belong to the same ixjncil of circles. 

8. Inversion. This is the name given to the involutory transforma- 
tion carrying each of two arbitrary points which are mutually inverse 
in a circle into the other. The circle may be a proper circle, with or 
without a real trace, or a finite line circle. It is known as the circle of 
inversion^ and its center, when existent, as the center of mversion. 

For the present, we shall apply the transformation only to points of 
the real domain. In particular, in discussing its effect on circles, we 
shall restrict ourselves to circles with real traces and finite line circles, 
iLs the only circles with continua of real finite points. 

Inversion in a Proper Circle. According to § 3, Th. 3, two points 
P, P' arc mutually universe in a proper circle A, with center M and 
square of radius a^, if they are collinear with M and 

(1) MP*iWP' = a2. 

If K has a real trace : > 0, then P and P' lie on the same side of 

each point on K is carried by the inversion into itself, and the points, 
other than M, which are inside K invert into the finite points outside K, 
and vice versa. 

When K is without a real trace: a^<0, P and P' lie on opposite 
sides of M. In this case the inversion in K may be thought of as the 
product of the reflection in the point M and the inversion in the circle 
K' with a real trace whose center is M and square of radius | a® | . The 
points of K' invert into the points of K' in that each goes into the point 
diametrically opposite to it, and the points inside K\ other than M, 
invert into the finite points outside K\ and vice versa. 

In both cases, a circle with M as center inverts into a second circle 
with M as center. If one of these circles shrinks to the point M, the 
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radius of the other becomes infinite. Moreover, when one of the 
points P, P' recedes indefinitely, say, along a straight line through Af, 
the other approaches M as a limit. Accordingly, we recognize each 
point at infinity as an inverse of M, and vice versa. 

Theorkm 1. The real points of a proper circle are fixed points of the 
inversion in the circle. The remaining (real) finite points of the plane, 
with the exception of the center of inversion, are inverse in pairs. The 
inverse of a point at infinity is the center of inversion and inverse to the 
center of inversion is every point at infinity. 



Fig. 7 


What corresponds by our inversion 
to a circle? Consider first a circle 
C with a real trace which does not go 
through M. Let I be an arbitrary 
line through M, intersecting C in the 
points P, Q and the curve C' into 


which C is carried in the points P', Q' inverse to P, Q. Then 


Hence 

( 2 ) 


MP-MF' = MQ-MQ^ = a\ 


MQ' ^ MP' 
IIP MQ 


For the common value k of the two ratios, we have 


MQ' ^ M Q'- MQ ^ ^ 
MP MP-MQ V ' 


where p is the power of M with respect to C. Thus is a constant, 
7 ^ 0, independent of the line 1. F^quations (2) then say that the homo- 
thctic transformation with M as center and k as ratio of similitude 
carries P into Q' and Q into P' for each line I, and hence carries C 
into C' . But a horaothctic transformation with M as center carries a 
circle with a real trace not containing M into a second circle with the 
same properties.* 

Theorem 2 a. A circle with a real trace which does not pass through 
the center of inversion inverts into a circle of the same description. 

Consider next a circle C with a real trace which goes through M. 
If P is an arbitrary point on C, other than M and the point A diametri- 

* Though the figures for this, and the following, proof are drawn for the 
case o* > 0, the proofs themselves are valid whether a* > 0 or a® < 0. 
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cally opposite to we have 

WP-MP' = = a«, 

whence 

Up _ Ml' ^ 

MA ” WP' * 

The triangles MPA and MA'P' are, 
then, similar; hence Z MA'P' is a right 
angle. Thus, the locus of P', as P takes 
on all positions on C, other than M, is 
the straight line perpendicular to the line MA at A'. On the other 
hand, the point M inverts into the line at infinity. 

Theorem 2 &. A circle C with a real trace which goes through the 
center of inversion inverts into a finite line circle C' not through the center 
of inversion^ and conversely. The finite line of C" is parallel to the 
tangent to C at the center of inversion. 

The converse follows from the fact that inversion is involutory. 

Finally, we have: 

Theorem 2 r. A finite line circle through the center of inversion 
inverts into itself. 

To express in simple form the general facts embodied in these and 
later detailed results, let us agree, for the remainder of this section, to 
mean by a circle, except in the case of the circle of inversion, either a 
circle with a real trace or a finite line circle. 

Theorem 3. Every inversion carries a circle into a ctrcle. 

The truth of the theorem in the case of an inversion in a finite line 
circle is apparent when we recall that, in this case, the inversion is 
simply a reflection in a finite line (§3, Th. 2). 

The Conformal Properties of Inversion. A point transformation of 
the plane is conformal if it preserves the magnitude of every angle; in 
particular, directly conformal if it also preserves the sense, and inversely 
conformal if it reverses the sense. 

It is intuitively evident that a rigid motion is directly conformal, and 
a reflection in a line, inversely conformal. 

The definition needs to be formulated more explicitly. Suppose 
that a point P and two curves Ci, Cz through P are carried into a point 
P' and two curves Ci, C 2 through P'. Then, to chosen directions of 
motion along Ci and Ca will correspond definite directions of motion 



Fig. 8 
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along Ci and rt. Draw at P the tangents to C\, C 2 directed in the 
chosen directions and at P' the tangents to Ci, Ci directed in the cor- 
responding directions. Denote the angle from the directed tangent 
to Cl to the directed tangent to C 2 by 0 : — tt ^ ^ tt, and the 

angle from the directed tangent to Cl to the directed tangent to C 2 by 
— TT ^ = TT. The transformation is, then, directly conformal 

if, always, 0' = 0, and inversely conformal if, always, — 0. 

The reader should now apply the 
amplified definition to a rigid mo- 
tion and a reflection in a line. 

Since reflection in a line is in- 
versely conformal, it is reasonable 
to expect that inversion in a proper 
circle is also. In this case, let us first 
think of Cl as a line through M 
and of C 2 as an arbitrary curve inter- 
secting Cl in a point P other than M (Fig. 9). Let Q be a point on C 2 
in the neighborhood of P and let Q' be the inverse point on C 2 . From 
MP • MP' =1IQ-MQ' follows MP'/MQ = WQ'/MT\ Hence A MP'Q' 
is similar to A MQP and Z MP'Q' = Z MQP, The limits of these 
angles, when Q approaches P as a limit, are respectively |<^'| and 
\<t>\. Therefore |<;>'| = |0l and, since and 0 are clearly of oppo- 
site sign, 0' = — 0. 

The case in which Ci and C 2 are both arbitrary curves through a 
point P other than M is readily treated by drawing the line MP and 
applying the result just obtained. 

Theorem 4. Every inversion is inversely conformal* 

Corollary. Tangent curves invert into tangent curves. 

Closely related to the fact that inversion is a conformal transforma- 
tion is our original definition of inverse points (§3). In the light of 
§ 3, Th. 4, we may now restate this definition in a more general form. 

Definition. Two distinct points are mutually inverse in a given 
proper or finite line circle if every circle through them is orthogonal to the 
given circle. 

The definition and Theorem 4 enable us to prove with ease two im- 
portant properties of inversion. 

* The center of a proper circle of inversion is an exceptional pK)int. 
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Theorem 5. A necessary and suffideni condition that a circle, other 
than the circle of inversion, invert into itself is that it be orthogonal to the 
circle of inversion. 

The theorem is self-evident if the inversion is a reflection in a line. 
Suppose, then, that the circle of inversion is a proper circle K with 
center M. A circle with a real trace, other than K, inverts into itself 
only if each two points of it which are collinear with M are mutually 
inverse in K, and hence, by the definition, only if it is orthogonal to K. 
And a finite line circle inverts into itself, by Th. 2, only when it goes 
through M, that is, is orthogonal to K. 

Theorem 6 . Every inversion carries two points which are mutually 
inverse in a circle into two points which are mutually inverse in the trans^ 
formed circle.^ 

A circle C and two points Pi, P2 are carried by an inversion into a 
circle C' and two points Pi, P2. It is to be proved that, if Pi, P2 are 
mutually inverse in C, then Pi, Pi are mutually inverse in C'. Since 
Pi, P2 are mutually inverse in C, two circles Ci, C2 through Pi, P2 
cut C orthogonally, and so are carried into two circles Ci, Ci through 
Pi, Pi cutting C' orthogonally (Th. 4). Hence Pi, Pi are mutually 
inverse points in C'. 

An interesting consequence of this theorem is that an inversion in a 
proper circle carries two points which are reflections in a line, not 
through the center of inversion, into two points which are mutually 
inverse in a proper circle. In other words, an inversion transforms a 
reflection in a line, in general, into an inversion in a proper circle. 


EXERCISES 


1. Show that the equations of the inversion in a proper circle with center M 
and square of radius a* are 

/ a^x , a* ?/ 

where (x, y) are rectangular coordinates referred to M as origin. 


2. Prove Theorem 2 analytically. 

3. Deduce Theorem 5 directly from Theorem 4 in the case that the circle of 
inversion has a real trace. 


4 . Show that a pencil of circles inverts into a pencil of circles, and that it 
inverts into itself in case the circle of inversion belongs to it. 


* The reader will recall that by “ points ” we always mean real finite points 
unless the contrary is explicitly stated. 
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5. A variable circle moves so that it always cuts a given proper circle orthog- 
onally and remains tangent to a fixed circle. Show that it is alwa 3 rB tangent 
to a second fixed circle, which is, in general, distinct from the first. 

6. A straight line L and a finite point P, not on L, are given. The isotropies 
through P intersect L in Pi, Pj and the second isotropies through Pi, P 2 meet 
in P'. Show that P' is the reflection of P in L. 

7. Prove that, if a proper circle is substituted for the line L in the preceding 
exercise, the point P' is the inverse of P in the circle. Sec Ch. VIII, § 4. 

9. Circles of Antisimilitude of Two Circles. In § 7, we determined 
the homothetic transformations which carry a given circle with a real 
trace into a second given circle with a real trace. We now seek the 
inversions which carry the one circle into the other. 

The proof of Theorem 2 a, § 8, tells us that, if M is the center of a 
proper circle K in which the given circles C, C' are mutually inverse, 
there exists a homothetic transformation with M as center which car- 
'ries C into C'. Hence ikf is a center of similitude of C and (7'. 

Except in two special cases which we shall discuss presently, the steps 
of the proof in question can be reversed. Thus, if ilf is a center of 
similitude of C, C', there exists a proper circle K with center at M in 
which C and C' arc mutually inverse. The square of the radius, a*, of 
this circle is, by § 8, (3), 

(1) a2 == 

where k is the ratio of similitude of the homothetic transformation 
with M as center which carries C into C', and p is the power of M with 
respect to C. 

Theorem 1. There are, in general^ two and only two proper circles in 
which two given circles with real traces are mutually inverse. Their 
centers lie respectively in the centers of similitude of the given circles. 

The two circles are known as the circles of antisimilitude of the given 
circles, that with its ‘center in the external center of similitude as the 
external, and the other as the internal, circle of antisimilitude. 

There are two exceptions to Theorem 1, one of which is removable. 
If C, C' are tangent and M is the point of contact, p is zero and the 
circle K becomes the null circle with center at M\ there is, then, no 
inversion in K. When C, C' have the same radius, and M is their 
infinite center of similitude, K is to be replaced by the finite line circle 
whose finite line is the radical axis of C, C"; this is evidently the only 
case in which C and C' are reflections in a line. 



THE CIRCLE 


3e» 


We agree to look upon the null circle and finite line circle of these two 
cases as degenerate circles of antisimilitude. There are then always 
two distinct circles of antisimilitude. 

If M is the external center of similitude, k > 0 and hence (1) tells 
us that a* > 0 only when p > 0. On the other hand, if Af is the 
internal center of similitude, k < 0 and hence > 0 only when p <0. 

Theorem 2. The external {internal) circle of antisimilitude has a 
real trace if and only if the external {internal) center of similitude is out- 
side {inside) the given circles. 

In particular, both circles of antisimilitude of two intersecting circles 
have real traces; in the case of two tangent circles, one has a real trace 
and the other is a null circle; for two nonintersecting circles, the ex- 
ternal or the internal one has a real trace according as the given circles 
are mutually external or one surrounds the other. 

Theorem 3. There is always at least one circle with a real trace * in 
which two given circles with real traces are mutually inverse. 

In each of the special cases, the degenerate circle of antisimilitude is 
coaxal with the given circles. This is true also in the general case. 
For example, if the given circles arc tangent, the circle in which they 
are mutually inverse must be tangent to them at their common point. 

Theorem 4. The two circles of antisimilitude arc coaxal with the 
given circles. 

Let us now consider the six circles of antisimilitude of the pairs of 
circles formed from three given circles with noncollinear centers. The 
centers of these circles, since they are the centers of similitude of the 
pairs of given circles, lie by threes on the four axes of similitude of the 
given circles. Three circles with centers on the same axis, for example, 
the three external circles of antisimilitude, are coaxal. This is a 
consequence of § 6, Th. 9, inasmuch as we can exhibit two circles 
orthogonal to all three, namely, the finite line circle whose finite line is 
the line of centers and the circle ortlicigonal to the throe given circles. 
The latter circle is, in fact, orthogonal to all six circles of antisimilitude, 
since it follows from Theorem 4 that every circle ortlwgonal to two 
circles is orthogonal to their two circles of anlisimilitude. 

Theorem 5. The six circles of antisimilitude of the pairs of circles 
formed from three circles with real traces and noncollinear centers belong 

* We have included the finite line circle of the second special case among the 
circles with real traces, both here and in the preceding paragraph. 
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hy threes to four coaxol systems. The lines of centers of the four systems 
are the axes of similitude of the given circles. 


EXERCISES 

1 . Prove that each of the circles of antisimilitude of two intersecting circles 
makes equal angles with them. 

2. Show that the two circles of antisimilitude are always mutually orthog- 
onal. 


3. Show that, if two circles C, C' with real traces, with centers O, O' and radii 
r, r', are mutually inverse in a circle with center M and square of radius a\ then 


— 

V 


MO' 

MO 


pj}' = oS 


where p and p' are the powers of M with respect to C and C'. 

4, An inversion carries a circle of antisimilitude of two circles into a circle of 
antisimilitude of the transformed circles. 


5. Two circles with real traces are carried into two circles with equal radii 
by an inversion with center on a circle of antisimilitude, but not on the given 
circles. 


6 . When can three circles with real traces be inverted into three circles with 
the same radius? 


10. Circles Cutting Two or Three Circles at the Same Angles. 

There are two angles d, 0 ^ ^ tt, between two circles with real traces 

which intersect or are tangent. They are given by 


cos^ 6 = 



or in terms of the coefficients Oi, 02, 03, at and 61, 62, &5, hi in the equa- 
tions of the circles, by 


( 1 ) 


cos® d = 


(a, a)(b, b) * 


where the symbols (a, a), (a, b) are those introduced in §§ 1, 6. The 
angles between any two circles a, b for which (a, a) (6, b) 7^ 0, we 
agree to define by the latter formula.* 

Theorem 1 . Two distinct circles make definite angles with one another 
provided neither is a null circle or the infinite line circle. 

Circles Cutting Two Circles at the Same Angles. We shall say that a 

* As often as not, the angles thus defined are imaginary, so that the re- 
striction 0 < 0 < TT is inapplicable. In these cases we should think of (1) 
as defining the cosines of the angles rather than the angles themselves. We 
shall however, for the sake of simplicity, always talk of the angles. 
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circle C cuts ♦ two given circles Ci, C 2 with real traces at the same angles, 
if it makes definite angles with Ci and C 2 , and the two angles which it 
makes with Ci are equal to the two angles which it makes with It 
is necessarily a proper or a finite line circle, by Th. 1. 

Circles which actually intersect the two given circles Ci, at the 
same angles are readily obtained by considering the inversions which 
interchange Ci and C 2 . An inversion which carries C\ into will carry 
a circle C which intersects C\ at certain angles into a circle which inter- 
sects C 2 at the same angles. Accordingly, if C inverts into itself, it will 
intersect Ci and C 2 at the same angles. But C is its own inverse if it is 
orthogonal to the circle of inversion, and the circle of inversion is a 
circle of antisimilitude of Ci, € 2 - 

Of the circles orthogonal to a circle of antisimilitude, there are 
evidently « 2 proper or finite line circles which intersect Ci and hence 
also intersect C 2 . We have proved that these «> * circles cut Ci, C 2 at 
the same angles, t 

We now consider the problem analytically. Let a, h he the given 
circles. For an arbitrary proper or finite line circle s cutting them at 
the same angles, we have 

(a, s)° ^ (b, sy 

(a, a)(s,s) (6, 6)(s, s) 

or 

V6, b (a, s) T V«, a (b, s) = 0. 

Hence, a necessary and sufficient condition that s cut a, b at the same 
angles is that s be orthogonal to one or the other of the circles 

(2) V6, ba — Va, a5, V6, ba -h Va, ah. 

These circles are the circles of antisimilitude of a, 6. For, we have 
already exhibited circles with the proscribed property which are 
orthogonal to a circle of antisiinilitude of a and 6, and qo* circles cannot 
be orthogonal to two distinct circles. 

Theorem 2. The proper and finite line circles which are orthogonal 
to one or the other of the two circles of antisimilitude of two given circles 
with real traces cut the given circles at the same angles dnd are the only 
circles with this property, 

* We use “ cuts rather than intersects ” since intersects ” means for 
us ** intersects in real points.*^ 

t The argument breaks down if <7j, C 2 are tangent circles and the circle of 
antisimilitude is the null circle with center in the point of contact. It is, 
however, geometrically evident that the conclusion still remains valid. 
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Let us call these circles the circles X, in particular, those orthogonal 
to the external circle of antisimilitude, the circles Ke^ and those orthog- 
onal to the internal circle of antisimilitude, the circles Ki, 

Corollary. The circles common to the two sets of circles Ki are 
the circles which cut the given circles orthogonally. 

Thus far we have been interested merely in having the two angles 
at which K cuts Ci the same as those at which K cuts C 2 . We shall 
now adopt a rule for singling out one of the two angles between two 
circles as the angle at which they cut. The circles K will then fall into 
two groups, those for which the angle at which K cuts Cz is equal to 
the angle at which K cuts Ci, and those for which the angle at which K 
cuts C 2 is the supplement of the angle at which K cuts Ci. These two 
groups will have in common the same circles as do the sets Ki and 
will, in fact, be identical with these sets. 

We define the angle between two circles for two intersecting or tangent 
circles with real traces. Let each of the two circles be thought of as 
traced in the positive, that is, counterclockwise, sense. Direct the 
tangents to them at a common point in the senses which at the point 
coincide with those on the circles. The angle 0, 0 = ^ t, between 

the directed tangents is the same at each point common to the two 
circles and is defined as the angle at which the circles intersect. It is 
readily seen that 

. r\ + r\ - 0,0l 

cos <t> — 

2 rir2 

Hence, if s is a circle with a real trace intersecting the given circles 
a, 6, the angle at which it intersects a is equal to the angle at which it 
intersects h if and only if 

(g, g) ^ (&, s) 

' Vg, a s ‘ylbj b s 

provided that aibi >0.* Extending the validity of this criterion in 
the usual way, we find that a proper or a finite line circle s cuts a, b 

* The condition appears first in the form 

(g, ^ (&, f?) ^ 

Va, aVs, s V6, 6Vs, s 

Hence the necessity of the assumption: aihi > 0. Since ai6i 7 ^ 0 and the 
a*e and Vs are homogeneous parameters, the assumption can always be 
fulfilled. 
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at the same angle or at supplementary angles according as 

(3) ^lb, b (a, s) — Va, a (6, s) = 0 or (a, $) + Vo, a (6, s) » 0, 

that is, according as it is orthogonal to the first or the second of the 
circles of antisimilitude (2). 

The first of the circles (2) is the external, and the second the internal, 
circle of antisimilitude. To establish this fact, it suffices to prove that 
it is true in one case. For, the general truth 
of it will then follow by continuity, inasmuch 
as the two circles of antisimilitude never coin- 
cide. In case a, b are intersecting circles, it is 
evident that the internal circle of antisimilitude 
intersects a, b at the same angle (§9, Ex. 1; 

Fig. 10). Thus the internal circle of antisi- 
militude is a circle orthogonal to the first of the circles (2). The first 
of the circles (2) must, therefore, be the external circle of antisimilitude. 

Theorem 3. The circles which cut the given circles at the same angle 
are the circles Ke orthogonal to the external circle of antisimilitude. Those 
cutting them at supplementary angles are the circles Kt orthogonal to the 
internal circle of antisimilitude. 

Circles Tangent to Two Circles, According to (1), two circles a, &, 
neither of which is a null circle or the infinite line circle, make with one 
another the angles 0 and tt if and only if 

(4) (a, a) (6, 6) - (a, 6)^ = 0. 

This, then, is the condition that the two circles be mutually tangent. 

Two circles with real traces may be tangent internally or tangent 
externally. In the first case, the angle </> at which they cut is 0; 
in the second case, <^ = tt. Accordingly, we shall say that a proper or 
finite line circle which is tangent to our two given circles Ci, C^ has the 
same or opposite types of contact with Ci and Co according as it cuts 
Cl, C 2 at the same angle or at supplementary angles. Hence: 

Theorem 4. Of the proper and finite line circles tangent to two given 
circles Ci, C 2 with real traces, those which have contacts of the same type 
with Cl, C 2 are orthogonal to the external circle of antisimilitude, and those 
which have contacts of opposite types with Ci, C 2 are orthogonal to the 
internal circle of antisimilitude. 

If 6 is a null circle whose center lies on the circle a, then (6, b) = 0, 
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(a, fc) = 0, and (4) is satisfied; the two circles are tangent. We add, 
then, to the circles of Theorem 4 whatever null circles there may be 
whose centers are common to the given circles Ci, Cz. The contacts 
of these null circles with Ci, C 2 are indeterminate in type inasmuch as 
both equations (3) are satisfied when (a, s) = 0 and (6, s) = 0.* 

Circles Cutting Three Circles at the Same Angles. Let Ci, C 2 , Cz be 
three circles with real traces and noncollinear centers. The circles, 
each of which cuts all three at the same angle, are, by Th. 3, the circles 
which are orthogonal to the three external circles of antisimilitude of 
the pairs of circles formed from Ci, C 2 , C 3 . These three circles of 
antisimilitude belong to a pencil (§9, Th. 5). The circles sought are 
therefore the circles of the conjugate pencil. The line of centers of 
this pencil is the perpendicular dropped from the radical center of 
Cl, C 2 , C 3 on the external axis of similitude. For, the line circle with 
this axis as finite line and the circle which has the radical center as 
center and is orthogonal to Ci, C 2 , C 3 are two circles which cut Ci, C 2 , Ca 
at the same angle.f 

A similar argument applies to the circles each of which cuts two of 
the given circles at the same angle and the third at the supplementary 
angle. 

Theorem 5. The circles, each of which cuts three given circles Ci, C 2 , 
C% with real traces and noncollinear centers at the same or supplementary 
angles, are the circles of the four coaxal systems which are conjugate respec- 
tively to the coaxal systems determined by the six circles of antisimilitude of 
the three given circles. Each of the circles of the coaxal system Sq con- 
jugate to that determined by the external circles of antisimilitude cuts the 
given circles at the same angle. Each of the circles of the coaxal system Sk 

* A null circle whose center lies on a given proper or line circle is not only 
tangent to the given circle, but also, by § 6, Th. 4, orthogonal to it. The 
explanation of this paradox is simple. The null circle consists of the two iso- 
tropic lines through its center O. If we were considering it by itself, we should 
recognize as tangent lines to it at O only these isotropies. However, in finding 
it both tangent and orthogonal to the given circle through 0, we have recog- 
nized also as tangent to it at O the lines tlirough 0 which are respectively 
coincident with, and perpendicular to, the tangent at O to the given circle. 
To be consistent, we should go further and recognize every line through 0 
as tangent to it. It makes then every angle with the given circle. 

Accordingly, we add the null circles whose centers are common to the given 
circles, not only to the circles of Theorem 4, but also to those of Theorems 2, 3. 

t If Cl, C 2 , C» have equal radii, the external axis of similitude is the line at 
in^ty, and the pencil in question consists of the circles with the radical center 
as cent^. 
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conjugate to that determined by the external circle of antisimilitude of 
Ci, Cj and the internal circles of antisimilitude of Ci, Cu and Cy, Ck cuts 
Ci and Cj at the same angle and Ck at the supplementary angle. The 
lines of centers of the four coaxal systems are the perpendiculars dropped 
from the radical center on the four axes of similitude.* 

Circles Tangent to Three Circles. The circles of a coaxal system of 
Theorem 5 which are tangent to one of the given circles Ci, C 2 , Cz are 
tangent to all three. 

Lemma. There are just two circles in a pencil of circles which are 
tangent to a given circle with a real trace not belonging to the pencil. They 
may be real and distinct^ real and coincident^ or conjugate-imaginary. 

By means of this Lemma, the proof of which we leave to the reader, 
we conclude 

Theorem 6. There arc eight circles tangent to three given circles Ci, 
C 2 , C 3 with real traces and noncollinear centers. They consist of a pair of 
circles from each of the coaxal systems described in Theorem 5. Each 
circle of the pair from the system Sq has contacts of the same type with the 
given circles, and each circle of the pair from the system Sk has contacts 
of the same type with (Uj Cj and contact of the opposite type with L*. 
The two circles of a pair are real and distinct, real and coincident, or 
conjugate-imaginary. 

We return now to the Lemma. Let C denote the given circle, Ki, K 2 
the two circles of the pencil which are tangent to C, and K a circle of 
the pencil which is orthogonal to C (§6, Ex. 6). Apply the inversion 
in K, assuming that K is not a null circle. The circle C inverts into itself 
and, since the pencil inverts into itself (§8, Ex. 4), the circles Ki, K 2 are 
carried into themselves. If each of these circles inverts into itself, 
they are both orthogonal to K and hence coincide. Otherwise they are 
distinct and each inverts into the other. In either case Ki, Kz are 
mutually inverse in K.'f 

To apply the result to the problem in hand, we note that the circle 
orthogonal to Ci, C 2 , Cz plays the role of the circle K for each of the 
four coaxal systems. ' 

♦ A null circle of one of the systems >8 is to be included only when its center 
lies on all three circles, and the infinite line circle is never to be included. The 
subscripts i, j, k represent a cyclic order of the numbers 1, 2, 3. 

t Since we have considered inversion only for the real domain, the proof 
applies only to the case when the circles Ky, K 2 are real. 
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CoHOLLART. The circl-es of each of the four pairs of circles are mvJtually 
inverse in the circle orthogonal to the three given circles, provided this 
circle is not a null circle. 

If this circle is a null circle, the given circles all go through its center. 
The null circle is tangent to each of the given circles and counts at 
least four times as a solution of our problem, inasmuch as it belongs to 
each of the four coaxal systems. This is the only case in which two or 
more of the four pairs of circles have a circle in common. Why? 

EXERCISES 

1. Prove that there are in general two circles K of Theorem 2 with a given 
point as center, a circle Ke and a circle K^. What are the exceptions? 

2. Prove that, if a pro])er cir(;le intersects two circles at the same angles, the 
four points of intersection fall into two pairs collinear with one center of 
siriiilitude. When is this the external, and when the internal, center of 
similitude? 

3. What is the analogous theorem concerning a circle tangent to two circles? 

4. Show that, if a circle intersects two given circles with real traces orthog- 
onally, in four points no three of which are collinear, two of the diagonal points 
of the complete quadrangle with vertices in the four ijoints are the centers of 
similitude of the given circles. Where is the third diagonal point? 

5. Two pairs of circles with real traces are so situated that the two circles of 
each pair cut those of the other pair at the same angle. Show that the external 
center of similitude of each pair lies on the radical axis of the other pair. 

6. Show directly that the circles of antisirailitude of the circles a, h are the 
circles (2). 

7. Prove that either all the circles of a pencil or at most two cut two given 
circles with real traces at the same angles. When docs the first case occur? 
Why is the qualification ^‘at most^’ necessary? 

8. Establish the Lemma. 


B. The Geometry of Inversion 

In Part A, we discussed the circle in the Cartesian plane from the 
point of view of the group of rigid motions. We shall now consider it 
in relation to a larger group in which the transformation of inversion 
plays the fundamental r61e. In the beginning we shall restrict our- 
selves exclusively to the real plane and shall understand by ** inversion'' 
an inversion in a circle with a real trace. 


11. The Real Plane of Inversion. In our preliminary study of 
inversion (§8), we learned that to the center of inversion corresponds 
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every ideal point. Accordingly, if there are oo i ideal points, as in the 
Cartesian plane, inversion fails of being one-to-one. However, if there 
is created only one ideal point, this blemish is removed. 

Agreement 1. A single ideal point is created ^ to be known as the 
point at infinity and to correspond in every inversion to the center of 
inversion. 

In the real plane of inversion, that is, the real finite plane with the 
point at infinity adjoined, every inversion is one-to-one without ex- 
ception. 

By a point we shall now mean any point of the real plane of 
inversion. 

Circles, Since we are restricting ourselves to the real domain and 
have replaced the usual line at infinit}'' by a single point at infinity, 
the circles of Part A become: 

(а) a proper circle: always a circle with a real trace; 

(б) a finite line circle: a straight line; * 

(c) a null circle or the infinite line circle: a point. 

For the present, it will be convenient to treat a null circle as the 
point that it actually is and to mean by a circle simply a proper circle 
or a straight line. 

The straight lines are now the inverses of the circles through the 
center of inversion (§ 8, Th. 2 b, c). Logical consistency demands, 
then, that every straight line contain the inverse of the center of 
inversion, that is, the ideal point. 

Agreement 2. The point at infinity lies on every straight line and 
on no other circle. 

The straight lines are thus the circles which pass through the point 
at infinity. Three distinct points determine a unique circle; if one is 
the point at infinity, the circle is the straight line which joins the other 
two. 

Let us recall the fundamental properties of inversion. 

Theorem 1. Every inversion (a) carries a circle into a circle, (b) is 
inversely conformal, and (c) carries two points which dre mutually in-- 
verse in a circle into two points which are mutually inverse in the irons’- 
formed circle. 

* Since a finite line circle of Part A consists of a finite straight line and the 
line at infinity, it appears here first as a straight line and the point at infinity. 
The point at infinity is, however, absorbed by the straight line; see Agree- 
ment 2. 
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By § 8, Th. 2 b, two parallel lines invert into two circles which are 
mutually tangent at the center of inversion, and conversely. Ac- 
cordingly, we make 

Agreement 3. Two parallel lines are mutually tangent at the point at 
infinity. 

It is evident that in the real plane of inversion two distinct circles 
have no, one, or two points in common. We shall describe them in 
the respective cases as nonintersecting, tangent, or intersecting. 
In particular, two straight lines arc tangent or intersecting. 

EXERCISES 

1 . Show that the pencils of circles of types (a), (6), (c) of Fig. 3 are now 
special cases of the pencils of circles of types (A), (B), (C) respectively. 

2. Prove that, if Ay By C are distinct col linear points, there is a unique proper 
or line circle through C in which A and B are mutually inverse. Give a con- 
struction for this circle. 

3. The criterion to the effect that two distinct points are mutually inverse 
in a given circle if and only if every circle through them is orthogonal to the 
given circle was restricted, in Part A, by the demand that both points be 
finite. Show that it is also valid, now, when one of the points is the point at 
infinity. Hence prove that property (c) of Theorem 1, which has thus far 
been established only in the finite plane, actually holds in the (extended) 
plane of inversion. 

12. Possibilities and Applications of Inversion. 

Theorem 1. A proper circle may he inverted into a straight line. 

It suffices to take the center of inversion on the proper circle. 

Theorem 2. A circle and a point not on it may be inverted into a 
proper circle and its center. 

Let the inverse of the given point P, in the given circle C, be 0. 
Invert in a circle with 0 as center.* Since the points P and 0 are 
mutually inverse in C, the transformed points, P' and the point at 
infinity, are mutually inverse in the transformed circle C'. Hence C' 
is ^ proper circle with P' as its center. 

.Theorem 3. Two intersecting circles may he inverted into two inters 
secting straight lines, two tangent circles into two parallel lines, and two 
nonintersecting circles into two concentric proper circles. 

The proof is left to the reader. 

* 0 may be the point at infinity. What then? 
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Applications, Inversion may be employed, in much the same way as 
polar reciprocation and projection, both to obtain generalizations of 
special theorems and to prove general propositions by reducing them 
to special cases. As an example of the latter application, we establish 
again the important fact: 

Theorem 4. There exist two distinct points mutually inverse in 
each of two circles if and only if the circles are nonintersecting.* 

Since two circles can always be inverted into a proper circle and a 
straight line, it suffices to prove the theorem for this special case. 
Two points JPi, P 2 which are to be mutually inverse in both a proper 
circle and a line must lie on the perpendicular to the line which 
passes through the center 0 of the circle, and have their directed 
distances Xi, x 2 from 0 connected by the relations 

X\X2 = o®, + X 2 = 2d, 

where d is the directed distance from 0 to the line and a is the radius of 
the circle. These relations say that xi, X 2 are the roots of the quad- 
ratic equation 

a:* — 2 dt + a* = 0. 

But this equation has real, distinct roots if and only if d* > a*, that 
is, when and only when the circle and the hne are nonin tersec ting. 

EXERCISES 

1. Establish Theorem 3. 

2. Show in detail how inversion may be employed to obtain from the special 
pencils of circles (a), (6), (r) of Fig. 3 the general pencils {A), {B), (C). 

3. The same in the case of the special and general orthogonal systems (a c), 
(6 h) and (A C), {B B) of Fig. 4. 

4. There is a unique circle through a chosen one of three distinct points in 
which the other two are mutually inverse. 

5. If Pi, Pa, Pa are distinct points, the circles Pi, Ca, P*, where P» is the circle 
through P, in which P„ P* are mutually inverse, go through the same two 
points. These two points are mutually mverse m the circle through Pi, P*, P 9 , 
and each two of the circles Ci are mutually inverse m the third. 

6. Two proper circles are tangent at a pomt 0, A variable secant is drawn 
through 0 meetmg the circles again m Pi, P 2 . Find the locus bf the harmonic 
conjugate of O with respect to Pi, Pj. 

Generalize by mversion: 

7. The sum of the angles of a triangle is two right angles. 

♦ See § 4, Th. 3. Why is it not necessary to demand here that, when the 
circles are proper, they have distmct centers? 
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8 . The altitudes of a triangle are concurrent. 

9. A necessary and sufficient condition that a quadrilateral may be in- 
scribed in a proper circle is that two opposite angles be equal or supplementary. 
Take the center of inversion in a vertex of the quadrilateral. 

10. The preceding exercise. Take the center of inversion in general position. 

11. Show that the problem of finding two points mutually inverse in each of 
two circles is identical with the problem of finding a pair of points which sepa- 
rates each of two given collinear pairs of points harmonically. Hence prove 
Theorem 4. 

13. Inversion of, Regions. A proper circle separates the points of 
tlie plane, except for those on it, into two sets or regions: the interior ^ 
containing the center, and the exterior. Since by inversion in the 
circle the interior is carried into the exterior, the point at infinity must 
be considered an exterior point. 

Suppose that Ci and are two proper circles which are mutually 
inverse in a proper circle. The two regions bounded by Ci must 
invert into the two regions bounded by C 2 , for inversion is a continuous 
transformation. But which inverts into which? Surely the interior 
of Cl does not always invert into the interior of C 2 . 

It is evident that the fate of a single point in a region determines 
the fate of the region. For example, if a point outside Ci is carried 
into a point inside C 2 , then the exterior of Ci inverts into the interior 
of C 2 . 

Consider the center of inversion 0. Its inverse, the point at infinity, 
is outside both circles. Hence, if 0 is outside both circles, exterior 
inverts into exterior and interior into interior, and if 0 is inside both 
circles, the interior of each inverts into the exterior of the other.* 

Theorem 1 . If two proper circles are mutually inverse, the interior of 
one inverts into the interior or the exterior of the other according as the 
center of inversion is outside or inside the two circles. 

Theorem 2. If a straight line and a proper circle are mutually in* 
verse, that one of the half~planes bounded by the line which does not contain 
the center of inversion inverts into the interior of the circle. 

We leave the proof of Theorem 2 to the reader, with a warning: the 
point at infinity lies in neither half-plane, but on the line. 

As an application of these considerations we prove the following 
theorem. 

* Why cannot 0 lie inside one circle and outside the other? 
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Theorem 3. A necessary and sufficient condition that there exist a 
circle which is orthogonal to a given circle C and in which two given poifUs 
Pi, P2 are mutually inverse is that Pi, P2 he both on the same side of C or 
both on C. 

Of the points P 1, P2, at least one is finite. Assume that P2 is finite, 
and suppose, first, that it does not lie on C, An inversion with P2 as 
center carries C into a proper circle C', Pi into a point Pi, and P2 into 
the point at infinity. Moreover, it carries a circle in which Pi, P2 are 
inverse into a circle in which Pi and the point at infinity are inverse, 
that is, into a proper circle with Pi as center. But there exists a 
proper circle with Pi as center orthogonal to C" only if Pi is outside C', 
that is, on the same side of C' as the point at infinity. Hence, there 
exists a circle orthogonal to C in which Pi, P2 are mutually inverse 
only when Pi is on the same side of C as P2. 

If Po lies on C, the circle C' into which our inversion carries C is a 
straight line. In this case there exists a proper circle with Pi as 
center orthogonal to C' only when Pi is on C'. Hence, there exists a 
circle orthogonal to C in which Pi, P2 are mutually inverse only if Pi, 
as well as P2, lies on C, 

It is evident that our theorem is the generalization of the fact that 
there exists a proper circle with a given point Pi as center orthogonal 
to a given circle C' when and only when Pi lies outside C' if C' is a 
proper circle, or lies on 0 " if C" is a straight line. 

EXERCISES 

1. Prove Theorem 2. 

2 . Show that two nonintersccting circles can be inverted into: (a) two proper 
circles which are external to one another; (h) two proper circles of which the 
first surrounds the second; (c) two proper circles of which the second surrounds 
the first. 

3. Prove that the type of tangency of two mutually tangent proper circles 
is preserved by inversion if the center of inversion is inside both or outside 
both, and that it is reversed if the center of inversion lies inside one and outside 
the other. 

4. Show that the facts stated in Ex. 3 are true also of any two tangent circles 
if we understand by the inside of a straight line that half-plane bounded by 
the line which does not contain the center of inversion, and call two tangent 
circles internally or externally tangent according as their interiors have or have 
not points in common. 

5. Prove that there exists a circle which is orthogonal to two given circles and 
in which two given points are mutually inverse if and only if the given points 
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lie on a circle linearly dependent on the given circles and are both on the same 
side of, or both on, one of these circles. 

6, Obtain a condition, necessary and BufiScient that there exist a circle 
orthogonal to three linearly independent circles, which is similar in nature to 
those of Theorem 3 and Ex, 5. 


14. Tangent Circles. Theorem 4 of § 10 may be restated in part 
as follows; 

Theorem 1. There are two families of circles tangent to two proper 
circles. Each circle of the one family has contacts of the same type with 
the given circles, and each circle of the other family has contacts of opposite 
types with the given circles. 

The theorem may be established by inversion. Suppose, for 
example, that the given circles are nonintersecting. They may, then, 
be inverted into two concentric circles, and for two concentric circles 
the proposition is obvious. Hence, reversing the inversion completes 
the proof. The details of this process are left to the reader. He will 
find, if he uses the proper care in inverting contacts (§ 13, Ex. 3), 
that a family of circles tangent to two proper circles inverts always into 
a family of circles tangent to the two transformed circles, though not 
necessarily into the family of the same description. 



Theorem 2. There are four circles 
which are tangent to two nonintersecting 
proper circles and cut orthogonally a 
chosen circle orthogonal to the two. Of 
the four, only two are intersecting. 
These two belong to the same family 
of circles tangent to the given two, and 
the angles at which they intersect are 
independent of the orthogonal circle 
chosen. 

If the two circles are concentric, a 
circle orthogonal to them is a straight 


line through their common center. The proposition is clear, in this 


case, from Fig. 11. Its validity in all cases follows immediately. 


Poristic Systems. Let two nonintersecting proper circles be given. 
Under what conditions will there be a closed series of circles all tangent 
to the given two and each tangent to its two neighbors in the series? 
It is evident that, in the case of two concentric circles Ci, C 2 (Fig. 12), 
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the series will close after one circuit if and only if the angle 3 which an 
arbitrary one of its members subtends at 0 goes into 2 tt an integral 
number of times. This condition can be put into a form which is more 
readily generalized by inversion. If ri, r 2 
are the radii of Ci, C' 2 (ri>r 2 ), the common 
radius MA of the circles of the series is 
2 (n — ^ 2 ) and the common distance OM 
of their centers from 0 is |(ri + r 2 ), so 
that 

ri - r2 
ri 4 - r2 


sin I 0 = 


Consider, on the other hand, the circles 
Ki, K 2 of Fig. 11. Their common radius 
NP is + ^ 2 ) and the common dis- 
tance ON of their centers from 0 is ^-(ri 



Fig. 12 


r 2 ). Hence, if is that 


one of the angles between them which is marked in the figure, 


sin ^ = 


T\ — n 
ri + r2 


Thus, 6 ^ <t> and the original condition for closure after one circuit, 
or better, the condition which guarantees closure for the first time 
after m circuits, becomes 

j 2 mw 


where the integers m and n are relatively prime.* 

How the condition carries over to the general case is clear once we 
realize that Xi, K 2 constitute a special instance of the two circles empha- 
sized in Theorem 2. 

Theorem 3. A necessary and sufficient condition that there exist a 
closed series of circles all tangent to two nonintersecting prosper circles 
Cl, C 2 nnd each tangent to its neighbors in the series is that a certain one 
of the angles, formed by the two intersecting circles Ki, K 2 which are tangent 
to Cl, C2 and orthogonal to a circle orthogonal to Ci, C2, be a rational 
multiple min of 2 tt. The series consists of circles belonging to that 
family of circles tangent to Ci, C2 which does not contain K\, K 2 and, if mjn 
is in its lowest terms, it closes for the first time after m circuits and con- 
tains, then, n circles. 

* If m and n had, say, the common factor 2, we should have closure in m/2 
circuits. 
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The simplest choice of the circle orthogonal to Ci, C 2 is the straight 
line containing their centers. Which of the angles between Ki^ K 2 is to 
be taken is readily determined by visualizing the inversion of Ci, C 2 
into two concentric circles. 

EXERCISES 

1. Complete the proof of Theorem 1 by inversion when one of the given 
circles surrounds the other. Show that the circles of one of the two families are 
orthogonal to a circle of antisimilitude of the given circles. 

2. The same when the given circles are mutually external. 

3. By inversion, show that Theorem 1 is true for two intersecting circles, 
and that, in this case, the circles of each family are orthogonal to a circle of 
antisimilitude of the given circles. 

4. How many real distinct circles are there tangent to three mutually ex- 
ternal proper circles? Substantiate your aiiswer. 

5. Let Cl and C 2 be circles tangent at P, and let Q be a point not on either Ci 
or Ci. If a circle is drawn through Q and P meeting Ci again in Pi and C 2 
again in P 2 , the circles through Q tangent respec^tively to Ci and C 2 at Pi and 
Pa are tangent to one another. 

6. A closed ring of four proper circles, each of which is tangent to its two 
neighbors, is given. Each two points of contact are assumed distinct. Show 
that, if the four contacts are all external, the four points of contact are concyclic. 

7. Prove that, in the jireceding exercise, the four points of contact arc con- 
cyclic if and only if an even number of the four contacts are external or an 
even number internal. 


15. Circular Transformations. By these wc shall mean the point 
transformations of the plane of inversion which are one-to-one and 
carry a circle always into a circle. Let us collect all those we know 
and try to form from them the largest possible group. 

We have, besides the inversions, of which that in the unit circle. 


x\ 4 - 'f/ + 1 / 

is typical, the transformations of similarity, 


( 1 ) 


x' = r(x cos 0 — y sin 0 ) 4- hi, 
2/' = r{x sin 0 4- 2 / cos 0 ) -h 62 , 


r > 0. 


The inversions do not in themselves form a group, for an inversion 
is inversely conformal and the product of two inversely conformal 
transformations is directly conformal. 

On the other hand, the transformations of similarity (1) are all 
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directly conformal and do form a group. There musti however, be a 
larger group of directly conformal circular transformations in which 
the process of inversion is represented. To obtain this group, we 
first replace the typical inversion, in the unit circle, by a directly con- 
formal circular transformation closely allied to it, namely by the 
transformation, 


( 2 ) 


X = 


^^ + 2 /^ 


!/' = — 




+ 7/2 


obtained by forming the product of it and the reflection x' = x,y*=—y 
in the axis of x. 

We now have, in (1) and (2), directly conformal circular transforma- 
tions of different types. By forming products of them, we shall obtain 
more transformations with the same properties and eventually an 
entire group. 

To facilitate the process of forming the products in question, we 
note that the equations (1), since x, t/, r, </>, i!>i, Ih arc real, are equivalent 
to the single equation 


a;' + i = r(cos + i sin <#>)(x + i y) + (^i + i h%)i 


and hence to 


(1 a) 


z' = az + p, 


a 5^ 0, 


where 


z' = iy\ z = z -{■ i y, 

and a = r (cos + i sin 0), P — bi i 62. Similarly, the equations 
(2) are equivalent to 


(2 a) 




1 


z 


Einally, we remark that the product of transformations (1) and (2) 
may be obtained by the usual process applied to equations (1 u) and 
(2 a). 

Since (1 a) and (2 a) are linear transformations of z into s', the 
product of any finite number of them will be a linear transformation of 
z into s', that is, a transformation of the form 


(3) 


az + P ^ 

y z + 5' 


ad — Py ^ 0 , 


where a, /3, 7, 5 are complex numbers. 

Conversely, every transformation (3) is a transformation (la) or 
(2 a), or a product of transformations of these types. If 7 = 0, (3) is 
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of type (1 o). If 7 7 *^ 0 and we set 


(3) becomes 


«! = 7 2 + 5 , 


a . Py — a8 1 

- H f 

7 y zi 


and hence is the product of the three transformations 


, a , y a 5 1 

2J' = _ 22, 22 = - , Zi — y z + 8 . 

7 7 2i 

That these transformations are of types (1 a) and (2 a) is obvious. 

It follows that all the transformations (3) are directly conformal and 
circular. They evidently form a group and, since the complex con- 
stants a, 7 , 8 enter homogeneously, the group depends on six real 
parameters. 

Theobem 1. There exists a six-'parameter group of directly conformal 
circular transformations, namely, the group of linear transformations, 
with complex coefficients, of z — x -V i y into z^ x' + i y'. 

A particular inversely conformal circular transformation is the 
reflection in the x-axis, 

2 ' = 2 , 

where z = x — iy is the conjugate of z. The product of it and the 
general transformation (3), namely 


( 4 ) 


az + P ^ 
7 2 + 6 * 


a 8 — Py 9 ^ 0 , 


is then also inversely conformal and circular. 

Theorem 2. There exists a six-parameter set of inversely conformal 
circular transformations, namely, the set of linear transformations, with 
complex coefficients, of z =*x — iy into 2 ' = x' -f- i y'. 

The inversely conformal transformations (4) do not form a group, 
for the product of two of them is a directly conformal transformation 
(3). The transformations (3) and (4) taken together do form a group, 
and this is the group of all circular transformations.* 

Theorem 3. The group of all circular transformations consists of 

* For a proof of the fact that there are no other circular transformations, 
see Coolidge, A Treatise on the Circle and the Sphere, p. 309. 
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2* transformations* the direcUy conformal transformaHons (3) and 
the inversely conformal transformations (4). 

For the sake of brevity we shall call the transformations (3) the 
direct, and the transformations (4) the indirect, circular transformations. 

We have noted that a transformation (4) is the product of a reflec- 
tion in a line and a transformation (3), and that a transformation (3) 
is of type (1 a) or (2 a), or a product of transformations of these types. 

Henceforth, we shall revert to our previous convention of considering 
reflection in a line as an inversion. The facts just noted may then be 
summarized as follows. 

Theorem 4. A circular transformation is an inversion, a transforma^ 
tion of similarity, or the product of transformations of these two kinds. 

We recall that a transformation of similarity is a radial transforma- 
tion of similarity, a rotation, a translation, or the product of trans- 
formations of these three descriptions. But it is readily shown that 
each of these three transformations is the product of two inversions 
(Ex. 4). Hence: 

Theorem 5. Every circular transformation is the product of a number 
of inversions, an even number if it is directly conformal, and an odd num^ 
ber if it is inversely conformal. 

The theorem brings out the importance of inversion and the sim- 
plicity of the structure of a circular transformation. 

Conformal Collineations. The transformations (1) or 

(5) z' = az + fi, a 7 ^ 0, 

are precisely the collineations of the plane which preserve directed angle 
(Ch. XI, § 5, Ex. 3). Accordingly, we call them henceforth the direct 
transformations of similarity or the directly conformal collineations. On 
the other hand, the transformations 

(6) = az P, a 3^ 0, 

are the collineations which preserve the magnitude of every angle 

* The group (3) is a continuous group: it is possible to pass continuously 
from any given transformation (ai, ^i, Si) of (3) through transformations 
of (3) to any prescribed transformation (02, /?2, 72, S2) of (3). Similarily, the 
set (4) is a continuous set. But it is impossible to pass continuously from a 
directly conformal transformation (3) to an inversely conformal transforma- 
tion (4) through transformations (3) and (4) alone. Hence, (3) and (4) 
present two unconnected continua of transformations, each dependent on six 
real parameters. It is this fact that we express in saying that the group which 
comprises both consists of 2 * qo ^ transfornmtions. 
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but reverse the sense. They are known as the indirect transformations 
of similarity or as the inversely conformal collineations. 

The 2 - 00 * transformations of similarity, (5) and (6), form a subgroup 
of the group of all circular transformations, (3) and (4), and the direct 
transformations (5) form a subgroup of the group (3). 

Rigid Motions and Reflections, The rigid motions of the plane are 
the transformations (1) for which r = 1, that is, the transformations 
(5) for which |a| = 1.* The transformations (6) for which |a| = 1 
are those obtained by forming the product of the reflection in the axis 
of X with each rigid motion. They are generally known as the refleC’^ 
tions of the plane. 

Theorem 6. The 2- oo® rigid motions and reflections of the plane 
constitvle a subgroup of the group of all circular transformations , and the 
rigid motions in themselves^ a subgroup of the group of direct circular 
transformations, 

EXERCISES 

1. Show that 

_ y 

+ ^ (.x-ir + y» 

is a direct circular transformation. Determine the equivalent equation of the 
form (3). 

2. Find the equations in the usual form of the transformation (3). 

3. Show that every circular transformation carries two points mutually in- 
verse in a circle into two points mutually inverse in the transformed circle. 

4. Establish the following propositions. 

(a) A rotation about a point O through the angle <!> is the product of the 
reflections in two lines through O so chosen that the angle from the first to the 
second is <ff/2. 

(5) A translation is the product of the reflections in two suitably chosen 
parallel lines. 

(c) A homothetic transformation with finite center and positive ratio of 
similitude is the product of the inversions in two suitably chosen proper circles. 

16. Inversive Geometry. A property which is invariant with 
respect to the group of direct circular transformations we shall call an 
inversive property, a theorem which involves only inversive properties an 
inversive theorem, and the geometry of inversive properties inversive 
geometry, 

*By definition, if a - ai + 102 , |a| =* Voi* -f 02 *. In the present case, 
cK r (cos 0 -h i sin 0 ), so that |a| — r. 
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On the group of motions as a subgroup of the group of collineations^ 
we based a subgeometry of projective geometry, which we called metric 
geometry. In precisely the same way, we now base on the group of 
motions, as a subgroup of the group of direct circular transformations, 
a subgeometry of inversive geometry which we shall call the meiric 
geometry of the circle. 

It is important to note that the term metric property’’ is a relative 
term and takes on a meaning with respect to inversive geometry 
different from that which it had with respect to projective geometry. 
From the projective standpoint, a metric property is one invariant 
with respect to the metric group, but not with respect to all collinea- 
tions.* From the inversive point of view, a metric property is one 
invariant with respect to the metric group, but not with respect to all 
direct circular transformations. 

The two metric geometries differ also. The “projective-metric” 
geometry deals with properties defined as metric relative to the pro- 
jective group, either alone or in conjunction with projective properties. 
The “ in versive-metric ” geometry has to do with properties defined as 
metric relative to the inverisve group, cither by themselves, or in 
conjunction with inversive properties. 

From the projective point of view, the circle is a metric figure and 
all properties and theorems pertaining to it are metric. From the 
inversive standpoint, the properties of a circle are in part inversive and 
in part metric. In other words, properties which we have previously 
looked upon as metric now fall into two groups, those which are metric 
from the new standpoint and those which are inversive. For example, 
a circle is now an inversive figure, whereas the fact that a point is the 
center of a circle is metric. Again, distance is still metric, but angle 
is inversive. 

The content of Part A is half metric and half inversive. The 
essential results concerning orthogonal and tangent circles are inver- 
sive, whereas the concept of a power of a point is, for example, metric. 

In projective geometry we frequently obtained projective theorems 
by generalizing metric theorems. In the same way*it is possible, here, 
to obtain inversive theorems by generalizing metric tlieorems by in- 
version. Theorem 3 and Exercise 5 of § 13 are typical inversive gen- 
eralizations of metric theorems of Part A. 

♦ Or all affine transformations, if we adopt the finer projective classification 
of Ch. XI, § 6. 



390 


HIGHER GEOMETRY 


But this is not the most important metric road to inversive results. 
Inversive theorems may be obtained directly by metric methods, and 
frequently more easily in this than in any other way. The results of 
Part A are to a large extent inversive, but the idea of a power of a 
point which was so useful in developing them is metric. 

Isotropic Coordinates, The equations 

( 1 ) z = x-\^iy, z = X -iy 


represent a change from the Cartesian coordinates (a;, y) to new co- 
ordinates (z, z), known as isotropic coordinates. 

Since for a real point z and z are conjugate-complex numbers, one of 
them suffices to determine the point. The standard choice for this 
purpose is z, as is evident from the preceding section. 

The equations of a direct circular transformation in isotropic co- 
ordinates are 


( 2 ) 


az-f/8 a z 

—f z = z.y 

72+5 7Z+5 


a 5 — 7 5*^ 0. 


Since we are in the real domain, the two equations are equivalent to one 
another and the first suffices to represent the transformation. 

It is readily found that the equation of a circle in isotropic coordi- 
nates is of the form 

(3) a zz -|“j3 z+/?z-i“d = 0 , 


where a, d are real, and jS, conjugate-complex, numbers. 

If, instead of the single isotropic coordinate z for a real finite point 
P, we introduce homogeneous coordinates (zi, z^) where Zi/z2 = z, 
we obtain in the usual way homogeneous coordinates for the point at 
infinity: (zi, 0), zi 5^ 0. More generally, the equations 


define a change from the coordinates (z, z) of P to homogeneous iso- 
tropic coordinates (zi, Z2; zi, Z2). If Z2Z2 9^ 0, the point P is finite. 
If Z2Z2 = 0, then zj = 0, Za = 0 and we have coordinates (zi, 0; Zi, 0) 
for the point at infinity. 

In (zi, Z2; z\j h) we have homogeneous coordinates or parameters of 
the mixed type discussed in Ch. XI, § 1. If (zi, Z2; zi, Z2) is one set of 
coordinates for a point, all sets are given by (p zi, p Z2; p zi, p Z2), pp ^ 0. 

Each of the equations (2) is replaced by two equations in the homo- 
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geneous isotropic coordinates. Equation (3) becomes 

(5) a zih + 0 Z\Z 2 + P ZzZi + d = 0. 

When a = jS ^ = 0 and d 9 ^ 0, this equation reduces to z^t « 0 
and represents the point at infinity, considered as a null circle. 

EXERCISES 

1 . Classify the following figures as inversive or metric. 

(a) Two points mutually inverse in a circle. 

(b) Two proper circles and their radical axis. 

(c) An orthogonal system of circles. 

(d) Three proper circles and their radical center. 

(e) Two proper circles and their centers of similitude. 

(/) Two circles and one of their circles of antisimilitude. 

2. The same for the follow'ing theorems. • 

(a) § 5, Ex. 4; § 6, Th. 1 a, 1 6, 7, 8, 

{b) § 7, Th. 3; § 9, Th. 4; § 10, Ths. 2, 4, 6. 

(c) § 12, Ex. 5; § 13, Th. 1; § 14, Ths. 2, 3. 

3. Establish equation (3). 


17. Cross Ratio in Inversive Geometry. The cross ratio (P1P2, P3P4) 
of four distinct finite points Pk : Zk — Xk + i Vh ^ 2, 3, 4, is de- 

fined as 


( 1 ) 


(P1P2, P3P4) 


(g3 ~ ~ gg) ^ 

(23 “ 22) (24 - Zl) 


Four distinct points have 24 cross ratios, connected by the usual 
relations. Since a direct circular transformation is a linear transforma- 
tion of z into 2 ', each cross ratio is an inversive invariant. 

Theorem 1. The cross ratios of four 'points are invariant with respect 
to the group of direct circular transformations. 

The cross ratio 

X = (P 1 P 2 , P 3 P 4 ), X 0, 1, 


is a complex number. We write it in the so-called polar form 
(2) X = r or X = r (cos $ + i sin 6), 

in which the arc or argument 6 admits an additive integral multiple of 
2 IT, whereas the absolute value r is fixed. ^ 

The absolute value of a product (quotient) of two complex numbers 
is the product (quotient) of their absolute values, and the arc of a 

• If a theorem falls into two parts, one of which is metric and the other 
inversive, the fact should be not^. 
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product (quotient) of two complex numbers is the sum (difference) of 
their arcs, provided the determinations of the three arcs are suitably 
chosen. Thus 

•1^2 

• I - 24 

Since, for example, | 2i — 23 1 is the absolute distance P3P1 and 
arc (21 — 23) is the directed angle from the positive direction of the a;-axis 
to that of the directed line-segment PaPi, we have: 

Theobem 2. The absolute value and arc of the cross ratio (P1P2, P3P4) 
have respectively the values 

( 3 ) »• = 0 ? p'p' ’ ® ^ ^ 2 

Jr ir2’ i 41 i 

where z P2P3P1, for example, is the directed angle from P3P2 to P3P1. 

It is at once evident that, if the four points Pk lie on a circle, ^ = 0 
(mod. tt), and conversely. But 0 = 0 (mod. tt) when and only when 
X is real and, if one of tbe cross ratios of four points is real, all are. 

Theorem 3. A necessary and sufficient condition that four points he 
concyclic is that an arbitrary one of their cross ratios be real. 

Theorem 4 . If p,,Pi lie on a circle C34 in which Pi, P2 are mutually 
inverse, then Pi, P2 lie on a circle Cu in udiich P3, P4 are mutually inverse. 

The two pairs of points are said to be orthocyclic: C34 is orthogonal to 
every circle through Pi, P2 and Cu is orthogonal to every circle through 
P3, P4. The theorem is a consequence of § 5 , P]x. 2 . By hypothesis, 
P3P1/P3P2 = P4P1/P4P2; hence P1P3/P1P4 = P2P3/P2P4 and the con- 
clusion follows. Incidentally, we see that the condition for orthocyclic 
position is that r = 1 . 

Theorem 5. The pairs of points Pi, Pi and P3, Pa ore orthocyclic if 
and only if the absolute value of (P1P2, P3P4) is unity. 

As in projective geometry, we say that Pi, P2 and P3, Pa are harmonic 
when (P1P2, P3P4) = — 1 . Hence: 

Theorem 6. A necessary and sufficient condition that two pairs of 
points he harmonic is that they he both concyclic and orthocyclic. 

* We mean by this notation that 6 is equal to the sum of the two angles in 
question to within an additive integral multiple of 2 tt. In general, a ^ b 
(mod. 27r) : a is congruent to b, modulus 2 1^, if 0 = 6 + 2 fcir where fc is an 
integer. 


^ 2 l - 28 , 22-^4 

r • 0 = arc h arc 

22 - 28 2 l - 24 


gi — 83! 
Zt — Zi\ 



THE CIRCLE 


393 


Theorem 7. Two points are harmonic with two gvoen points if and 
only if they are the points of intersection of a circle on which the given 
points lie with a circle in which the given points are mutually inverse. 

We have restricted the definition of cross ratio and the proofs of the 
theorems to the case of four finite points. Both definition and proofs 
can, however, be readily extended to the case in which one of the four 
points is the point at infinity.* 

Direct Circular Transformations, A point transformation of the 
plane of inversion which is one-to-one and preserves cross ratio must, 
by Th. 3, carry concyclic points into concyclic points and is, therefore, 
a circular transformation. In fact, if it carries the points Pi, P2, P3 
into the points Pi, Pa, Ps and the arbitrary point P into P', it is 
represented geometrically by the equation 

( 4 ) (P'lPi, P’,P') = (P.P2, P3P), 
and hence analytically by an equation of the form 

(5) = aS-fiy9^0. 

72 + 0 

It is thus not only circular, but directly conformal. 

Theorem 8. A necessary and sufficient condition that a one^'to^ne 
point transformation of the real plane of inversion he a direct circular 
transformation is that it preserve cross ratio. 

If all the points of (4), except P', are given, then P' is uniquely 
determined. Hence: 

Theorem 9. There is a uniq'ue direct circular transformation which 
carries three given distinct points into three prescribed distinct points, 

A direct circular transformation, other than the identity, has two 
real fixed points, as may be shown by applying the usual method to (5). 
If the two fixed points coincide, the transformation is said to be 
parabolic. 

We restrict ourselves to the case of a nonparabolic transformation as 
the one of principal interest. If Pi, P2 are the fixed points and P ^ P' 

* The point at infinity is included if wc employ homogeneous coordinates 
(«,, Zi) instead of z. However, the extension of the proofs is simpler if we 
abide by the coordinates in the text and employ a limiting process. If Pa, 
for example, recedes without limit, (24 — 22)/ (24 — Z\) approaches unity. Then 

X = ^ PjPjP, (mod. 3 ,). 

z, - Zt P«Pi 
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an arbitrary pair of corresponding points, the cross ratio (PiPj, P P') 
is readily proved to be constant: 

(6) (P 1 P 2 , PP') = X, X?^0, 1. 

The constant X is known as the invariant of the transformation. 

We recognize three different types of nonparabolic transformations. 

The hyperbolic transformations: X real. By Th. 3, corresponding 
points are concyclic with the fixed points. Hence, each circle of the 
pencil S\ of circles through the fixed points is carried into itself. 

The dLipiic transformations: |Xl= 1. Corresponding points are 
orthocyclic with the fixed points. Each circle of the pencil S-i of circles 
in which the fixed points are mutually inverse remains fixed. 

The loxodromic transformations: X not real and |X| 1. It may be 

shown (Ex. 11) that corresponding points lie on a double spiral which 
curls about each of the fixed points and cuts every circle of the pencil 
Si (or Si) at a fixed angle. Each of these qo ^ double spirals is carried 
into itself. 

A transformation for which X = — 1 is involutory. Two corre- 
sponding points are harmonic with the fixed points. As, a matter of 
fact, the transformation is both hyperbolic and elliptic, every circle of 
the orthogonal system formed by the pencils Si and S 2 is carried into 
itself, and the mate of a point P is the second intersection P' of the 
two circles of the system which pass through P. 

It is readily shown that the transformations of this type are the only 
direct circular transformations which are involutory. They are 
known as Moebius involutions. 

General Isotropic Coordinates. If P*, Po, Pi are three arbitrarily 
chosen fixed points and P an arbitrary point, the generalized isotropic 
coordinates of P consist of two complex numbers (z, i) where z is 
defined as the cross ratio 

. z = (P*Po, PiP) 

and z is the conjugate of z. 

It may be proved, by means of the methods of Ch. IX, § 2, that the 
original isotropic coordinates are a special case of the general isotropic 
coordinates, that the equations of a change from one system of isotropic 
coordinates to a second are of the type (2) of § 16, and that real in- 
versive geometry has the same analytic form in terms of the general 
isotropic coordinates as in terms of the original ones. 

In the general svstem of isotropic coordinates the point at infinity 
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loses its identity as the point without coordinates. Moreover, the 
point which is now lacking coordinates, the point P*, may be chosen 
arbitrarily. Thus, all points of the plane are on the same footing; 
no point plays a special role. 

Theorem 10. The real inversive plane is a closed continuum mthoul 
an exceptional point. 

It follows that in inversive geometry the straight lines, that is, the 
circles through the point at infinity, are just as much “proper” circles 
as the proper circles themselves. 

The Projective Equivalent of Real Inversive Geometry. It is evident 
from the foregoing developments that the real inversive geometry of 
the plane is analytically identical with the complex projective geometry 
of a line. There exists a perfect one-to-one correspondence between 
the two geometries. To the complex points z = x iy oi the line 
correspond the real points z = x iy oi the plane, and to the complex 
projective transformations of the line correspond the real direct circular 
transformations of the plane. 

The correspondence enables us to represent each geometry in terms 
of the other. It is especially useful in the study of the complex pro- 
jective geometry of the line in that it furnishes for this geometry a real 
representation j that is, an equivalent real geometry.* 


EXERCISES 


1. Show that, if an indirect circular transformation carries Pi, Pa, Pa, Pi 
into P{, Pa, Pa, P4, the cross ratio X' = (PiPi P^Pi) is conjugate-complex to 
the cross ratio X = (P1P2, P3P4) : X' = X; hence prove that 1 X' j = 1 X 1 and 
arc X' s — arc X (mod. 2 tt), 

2* Prove geometrically that inversion preserves the absolute value of cross 
ratio and preserves the arc of cross ratio except for sign. 

3. Enlarge on the proof of Theorem 3. Show also that two eoncyclic 
pairs of points Pi, P2 and Ps, P4 separate or do not separate one another ac- 
cording as (P1P2, P%Pa) is negative or positive. 

4. What is the locus of a point which moves so that it and a given point are 
always orthocyclic to two given points? 

5. Prove Theorem 7, ^ 

6 . Find the fixed points and invariants of the transformations: 


(a) 


_ t g + 2(1 -b t) 
(i — 1 ) 2 ? -{- 3 


(6) z' = 4 g. 


♦ For a detailed discussion of the correspondence, see Coolidge, The Geometry 
qf the Complex DomaiUj Ch. II. 
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7. Show that the transformation of § 15, Ex. 1 is a Moebius involution. 
What are the fixed points? 

8. Prove that a reflection in a finite point is a Moebius involution. Show 
that every Moebius involution is the product of the inversions in any two circlefl 
which pass through the fixed points of the involution and are mutually orthog- 
onal. 

9. Show that, by a proper choice of isotropic coordinates, the equation of a 
nonparabolic direct circular transformation may be reduced to the canonical 
form 

2 ' = X 2, X 0, 1, 

and that of a parabolic transformation to the canonical form 

z' = 2 + /?, ft 9^0. 

10. Show that a parabolic transformation carries into itself each of the 
circles of a pencil of circles mutually tangent at the fixed point of the trans- 
formation. 

11. Prove the facts stated in the text concerning loxodroinic transformations. 
Consider first the general loxodromic transformation with the origin and point 
at infinity as fixed points, and show that in this case two corresponding points 
lie on an ordinary equiangular spiral. 

12. Prove that the directly conformal collineations are precisely the direct 
circular transformations which leave fixed the point at infinity. Hence 
justify the statement: The real metric geximetry of the circle is essentially the sub-^ 
geometry of real inversive geometry in which a certain real point is held fast, 

18 . The Complex Plane of Inversion. We recall the construction 
of the finite complex plane (Gh. VIII, § 2). Two ordered complex 
numbers (t, y) are given. When real, they are the rectangular co- 
ordinates of a real point. When not both are real, they are assigned as 
coordinates to a newly created, imaginary, point. The totality of 
points (Xy y)y real and imaginary, constitute the finite complex plane. 

For the study of inversive geometry in the finite complex plane we 
employ, instead of (x, ?/), the isotropic coordinates (w, v): 

u = X + i yj V = X — i yy 

( 1 ) 1 ‘ ^ ^ ^ 

x = -:z{w + v), y = - v). 

A ZX 

Evidently, the point (w, v) is real when and only when u and v are 
conjugate-complex. In fact, for real points the coordinates {u, v) are 
precisely the coordinates ( 2 , z) of § 16. 

It is clear from (1) that the equations 

(2) u = k, V — ly 

where k and I are arbitrary complex constants, represent respectively 
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the two families of isotropic lines. It is from this fact that the 
coordinates («, v), and also (2, z), take their name. 

The Complex Plane of Inversion. We replace (u, v) by the homo^ 
geneous coordinates (wi, W2; Vi, defined by the relations 


(3) 

Equations (2) become 



Vi 

— = V. 

V2 


(4 a) kiUi + k2U2 = 0, ki9^ 0, hvi + I2V2 =0, 0. 

Two quadruples (wi, U2; thj V2) whose corresponding number pairs are 
proportional we shall call related quadruples, provided no pair of either 
quadruple is the pair 0, 0. The quadruples, one or both of whose pairs 
is 0, 0, we discard once and for all. 

A quadruple {ui, U2] Vi, for which U2V2 7^ 0 and the related quad- 
ruples (pwi, pU2\ 002), p<T ^ 0, are the sets of homogeneous 
coordinates of the finite point u = Wi/a^, v = Vi!v2) and the quadruples 
(p, 0; O', 0), p(T 7*^ 0, those of the real point at infinity. 

The remaining sets of related quadruples are those for which Ui = 0, 
2;2 7*^ 0 or 1^2 = 0, 5*^ 0. Corresponding to these sets we create new 

points, which for obvious reasons we call the imaginary points at 
infinity and to which we assign the sets as coordinates. 

The points at infinity are evidently the points whose coordinates 
satisfy one or the other — or, in case of the real point at infinity, both — 
of the equations 

(4 h) U2 =0, V2 = 0. 

These equations are identical with the equations (4 a) for which /bi = 0 
{k2 0) and Zi = 0 ifi ^ 0). Accordingly, we call their loci the 
isotropic lines at infinity or the infinite isotropic lines and adjoin them 
respectively to the two families of finite isotropies (4 a). 

The equations (4o) are satisfied respectively by the coordinates 
(fe, — fci; 1, 0), ki9^0 and (1, 0; hr ~ Zi), h ^ 0. But these coordinates 
represent precisely the imaginary points on the lines V2 = 0 and th — 0 
respectively. Accordingly, we think of the imaginary points on an 
infinite isotropic of one family of isotropies as lying ofie each on the 
finite isotropies of the other family. 

Summary. Corresponding to each finite isotropic there is created an 
imaginary point at infinity. Each imaginary point at infinity lies on the 
corresponding finite isotropic and on no other finite line. The imaginary 
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points at infinity which lie on the finite isotropies of one family of isotropies 
form with the real point at infinity the infinite isotropic of the other family. 
Thus, the infinite domain consists of two conjugate-imaginary isotropies 
whose common point is the real point at infinity. 

The totality of complex points, finite and at infinity, constitutes the 
complex plane of inversion. 

An important property of this plane is obvious from our construction 
of it. 

Theoeem 1. Through each point of the complex inversive plane there 
pass two isotropic lines, one of each kind. 

The Real Geometry of the Complex Inversive Plane. The equation of 
the real circle 

(5) a\{x^ + 2/^) + (hX + azy -|- 04 = 0 
becomes, in homogeneous isotropic coordinates, 

(6) a U\V\ + u\Vi + jS u<iV\ -f d U 2 V 2 = 0, 
where 

o = Oi, jS ” i(o 2 “ X az), = 2(^2 "h i az), d = Ui. 
Hence 

(7) fli “h tta — ' 4 aia^ = 4 (jS — a d). 

The classification of circles in the inversive plane may be obtained, 
by use of (7), from the classification of circles in the Cartesian plane 
(§1), provided due account is taken of the change in the infinite do- 
main. 

We note, first, that this change produces a radical effect on the con- 
cept of a degenerate circle. In the (Cartesian plane, the circle (5) is 
degenerate if the left-hand side of (5), written in homogeneous 
Cartesian coordinates, is factorable into linear factors, that is, if 
Oi(a, a) = 0; it is, then, ar null circle, a finite line circle, or the infinite 
line circle. In the inversive plane, the circle (6) is degenerate if the 
left-hand side of (6) is factorable into two factors linear respectively 
in Ui, U 2 and vi, V 2 ; it consists, then, of two isotropic lines, and is 
always a null circle. 

Of the degenerate circles of the Cartesian plane, the null circles and 
the infinite line circle: (a, a) = 0, become null, that is, degenerate, 
circles in the inversive plane. In particular, the infinite line circle is 
replaced by the new infinite domain: tijPj » 0. 
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On the other hand^ the finite line circles of the Cartesian plane: 
aij= 0, (a, a) ^ 0, are replaced by the real straight lines: a « 0, 

/3 — a d 0, of the plane of inversion. These are nondegenerate, 
or proper, circles and, since /3i5 — ad = /3j5>0, they belong with 
the circles with real traces. 

It is evident from the discussion that jS P — o d = 0 is the condition 
that the circle (6) be degenerate, and that a proper circle (6) has, or 
has not, a real trace according as/SjS — ad>0or <0. 

Theorem 2. In the complex plane of inversion there are real circles of 
three types: the circles with real traces including the real straight lines^ the 
null circles, and the circles without real traces. Equation (6) represents 
a circle of the first, second, or third type according as p — a d > 0 , ^ 0 , 
or < 0. 

Theorem 3. The infinite domain of the complex inversive plane is a 
null circle. 

We turn to the real circular transformations, agreeing to apply them 
to imaginary as well as to real points. The equations of the group 
of direct transformations in our present coordinates are 

pui = a Ui + 0 U 2 , (rr'i = a vi +‘^V 2 , 

pU 2 = 7 + 6 U 2 , <t?4 = 7 + 5 ^2, 

and those of the set of indirect transformations, 

= ocVi + ^V 2 , <rvi = a ui+fiu 2 , 

pu2 = 7 ri + 0 Vz, av2 = y Ui 0 U2, 

where in each case a 5 — P y ^ 0 and per 9 ^ 0. 

The very forms of the transformations reveal important facts. 

Theorem 4. A real circular transformation is one-to-one without 
exception in the complex plane of inversion. 

Theorem 5. A real circular transformation carries an isotropic into 
an isotropic, in particular, into an isotropic of the same or opposite 
family according as it is directly or inversely conformal. 

Equations (8) may be interpreted as a change from the special 
isotropic coordinates (wi, U 2 ; Vi, Vn) to general isotropic coordinates 
{u\, wi; v\, I’i). Thereby the infinite domain loses its identity and 
assumes the same aspect as any other null circle. 

A realization of inversive geometry on the sphere and a new type of 
coordinates for the inversive plane will be found in Ch. XIX, §§ 12, 13. 
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EXERCISES 

1 . Show that two isotropies of the same family never intersect, and that two 
isotropies of different families always intersect in a single point. 

2. Prove that two real circles always intersect in two points, real and distinct, 
real and coincident, or conjugate-imaginary. 

3. Prove directly that the bilinear form in equation (6) is degenerate if 
and only if/9/9 — ad = 0. 

4. Show that, if the circle (6) is a null circle, coordinates of its center are 
(iff, - o; - o) or (d, - /3; d, - 

5. The usual rectangular coordinates (x, y) of the real finite plane are re- 
placed by homogeneous coordinates (xi, a;*; yi, 2 / 2 ) defined by the relations 


Construct the real extended plane based on the coordinates (xi, X 2 ; 2 / 1 , 2 / 2 ) and 
discuss in this plane the locus of the general equation with real coefficients 
which is bilinear in xi, X 2 and 2 /j, 2 / 2 . 


19. Inversion in the Complex Cartesian Plane. Inversion is one- 
to-one without exception in the complex inversivc plane (§ 18, Th. 4). 
In the real Cartesian plane it fails of being one-to-one in that to the 
center of inversion corresponds every point at infinity C§ 8, Th. 1). 
In the complex Cartesian plane, in which we shall now consider it, it 
possesses a still different aspect. 

A quick and instructive way of arriving at the facts in this case is to 
start with the geometric definition of inversion suggested by § 3, 
Ex. 1: Two points are mutually inverse in o, proper circle if and only if 
they are conjugate points with respect to the circle and are collinear with its 
center. 


Let 0, /, J be respectively the center of inversion and the circular 
points at infinity (Fig. 13). Since O and each point conjugate to O, 



Fig. 13 


that is, each point on /J, arc collinear with O, 
every point on the line at infinity is inverse to 
0. ' Again, since the points conjugate to / are 
the points of the isotropic 0/, each point of 01 
is inverse to I. Similarly, each point on the 
isotropic OJ is inverse to J. 

The point, or points, P' inverse to a given 
point P are the points common to the polar of 


P and the line OP. There is, then, just one point P' inverse to P 


unless the line OP is undefined or coincides with the polar of P. In 


the first case P must be 0, and in the second case P is either / or J. 



THE CIRCLE 


401 


Thus a point P, other than 0 , /, J, has a unique inverse. In par- 
ticular, the inverse of a point at infinity, not / or /, is 0, and the 
inverse of a point on 01 (OJ), not 0 or / (0 or /), is I (J). 

The Projective Generalization of Inversion, 

This transformation is based on a nondegen- 
erate conic C and a point ^3 not on C. Two 
points correspond by it when they are conju- 
gate with respect to C and collinear with A%. 

Here, the r61es of the point O and the points /, 

J are played by the point Az and the points of con- 
tact -4 i,i4 2 of the tangents to C from ^4 3 (Fig. 14). 

Theorem 1. The points of the complex plane, other than those which 
lie on the sides of the triangle AiA^Az, correspond in pairs. To a vertex 
of the triangle correspond all the points on a side: to Az all the points on 
0,3, and to ^1(^2) all the points on a2{ai); and to a point on a side, other 
than a vertex, corresponds a vertex: to a point on az, not Ai or Az, the vertex 
Az, and to a point on ai(a^), not Az or Az^Az or Ai), the vertex ^2(^1), 
When we introduce projective coordinates referred to the triangle 
AiAzAz as triangle of reference and a point on C as unit point, the 
equation of C is 

(1) XiXz — arj = 0. 

The two points P : (xi, xz, xz) and P' : (xi, X2, xj) are conjugate with 
respect to C and collinear with A3 when 

xoxi -h X1X2 — 2 X3XS = 0, X2xl — X1X2 = 0. 

Thus, the equations of the correspondence are found to be 

(2 a) pxi = X1X3, px2 = X2X3, pxa = X1X2, 

7 N / f ' ' ' ' P 7*^ 0, 

(2 h) pxi = xixa, px2 = X2X8, pxz = X1X2, 

If P is a vertex of the triangle, for example, the vertex As : (0, 0, 1), 
equations (2 a) reduce to xi = X2= 0, as might have been ex- 

pected from the nature of the transformation. However, equations 
(2 b) become xix'a = 0, xWa = 0, x'lXz = p and yield the proper in- 
formation. ' 

The transformation carries 

. UiXi + 02X2 + azXz == 0 

into 

Oixixi + 02X2X3 + <^3X1X2 = 0 . 
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Theorem 2. The transformation carries a straight line into a conic 
through the vertices of the triangle. The conic is nondegenerale or de-^ 
generate according as the line does not^ or does, contain a vertex of the tri-- 
angle. In particular, if the line is a side of the triangle, the conic consists 
of two sides of the triangle. 

The fact that the conic goes through the vertices of the triangle may 
also be seen geometrically. Consider, for example, the general case in 
which the given line docs not contain a vertex. The line then inter- 
sects the sides in three distinct points, and these points are carried into 
the three vertices. 

A nondegenerate conic intersects each side of the triangle in two 
points, distinct or coincident. Hence the curve of the fourth order 
into which it is carried has a double point or cusp in each of the vertices 
of the triangle. According as the conic contains no, one, two, or all 
three of the vertices of the triangle, no, one, two, or all three sides of 
the triangle are constituent parts of the curve of the fourth order, and 
conversely. It follows that this curve, in the four cases, is a non- 
degenerate biquadratic, a nondegenerate cubic and one side of the 
triangle, a nondegenerate conic and two sides, and a straight line and 
all three sides. Consider, for example, the first case, and suppose that 
the biquadratic degenerated, say, into a nondegeneratc cubic and a 
straight line. Since the biquadratic has singular points in all three 
vertices, the cubic would have to have its maximum of one singular 
point in a vertex of the triangle and the straight line would have to be 
the opposite side. Hence the given conic would contain a vertex of the 
triangle, — a contradiction. Again, if the biquadratic degenerated into 
two nondegenerate conics, these conics would pass through the ver- 
tices of the triangle and the given conic would be degenerate. 

Theorem 3. The transformation carries a nondegenerate conic into a 
curve of the fourth order with a double point or cusp at each vertex of the 
triangle. This curve is nondegenerate if the given conic does not contain 
a vertex of the triangle, and degenerates into a nondegenerate cubic, a 
nondegeneratc conic, or a straight line, taken respectively with one, two, 
or all three sides of the triangle, according as the given conic contains one, 
two, or all three vertices of the triangle. 

Since inversion is a metric case of our transformation (2 a), Theorems 
2 and 3 may be readily interpreted for it. 

The transformation (2 a) is, in general, one-to-one, and xi, X 2 , x% 
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are proportional to three quadratic polynomials in Xi^ Xz which have 
no linear factor in common. Any point transformation of the pro- 
jective or Cartesian plane which has these properties is known as a 
quadratic transformation. 


EXERCISES 

1. Making use of Theorems 2, 3, discuss the effect of inversion on straight 
lines and proper circles. Consider all cases. 

2. Prove geometrically and analytically, in the case of the transformation 
(2a), that when the point F approaches As along a given line through As, 
the corresponding point P' approaches a definite point on a$. 

3. When does the curve of the fourth order of Theorem 3 have a cusp at a 
given vertex of the triangle? 

4. Generalize Pascars Theorem by means of the transformation (2 o). 

5. Discuss the quadratic transformation 

pXi = XiXij pX2 = XsXif pXz = ^ 1 X 2 , p 0. 

6. Show that the transformation of a point into its isogonal conjugate with 
respect to a triangle (Ch. Ill, § 10, Ex. 5) is a quadratic transformation and 
find its equations in terms of trilinear coordinates (Ch. X, § 7). 

7. Prove that the transformation of a point into its conjugate with respect to 
the conics of a pencil of point conics of Type I is a quadratic transformation. 
What light does this throw on the content of Ch. XVI, § 16? 

8. Generalize the transformation of inversion by polar reciprocation. 



CHAPTER XIX 

SPACE GEOMETRY 


We shall be concerned primarily in this chapter with the develop- 
ment of projective geometry and its subgeometries in three-dimen- 
sional space. The subject matter will be analogous to that in the 
plane. The methods of treatment, however, we shall seek to vary as 
much as possible. 

1. Extended Space. Homogeneous Cartesian Coordinates. The 

extension of the finite domain to a closed continuum has already been 
discussed in Ch. II, § 3. If (x, y, z) are rectangular Cartesian co- 
ordinates of a finite point P, homogeneous coordinates (xi, xs, Xi) 
of P are defined by the relations 


( 1 ) 




?! 

Xi 


2 . 


If L is any line in the direction with components Z, m, n and (xo, 2/0, 2o) 
is a fixed point on L, an arbitrary finite point P on L has the nonhomo- 
geneous coordinates (xo + ltf yQ + mt^ ZQ + nt)^ and hence the 
homogeneous coordinates (xo/Z + Z, ya/t + zolt + n, 1/Z), When P 
recedes indefinitely on L, the parameter t becomes infinite, and the 
latter coordinates approach (Z, m, n, 0) as limits. 

Agreement. The point at infinity in the direction with components 
X\f X2, Xs shall have the homogeneous coordinates (xi, X2, X3, 0). 

It follows that the equation of the plane at infinity is 

(2) . X4 = 0. 

It is now true that every linear homogeneous equation in xi, X2, Xj, X4, 
not all of whose coefficients are zero, represents a plane, and conversely. 

Homogeneous Cartesian coordinates of a plane shall be defined as the 
ordered coefficients in an equation of the plane. Thus, homogeneous 
coordinates of the plane 

a\Xi + U2X2 + flsXs + OiXi = 0 

are (ax, 02, Oa, a4) or (pai, pa^, pa^, pat), p 9^ 0, 

404 
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Theorem 1 . The point x : (xi, Xa, X4) Zies in (he plane 
u : (wi, 1*2, ^* 3 , wO i/ and only if 

( 3 ) (i*|x) = 0, 

where 

(1* I x) = 1*1X1 + 1*2X2 + 1*3X2 + 1*4X4. 

The equation 

(a 1 1*) = aii*i + a2i*2 + 031*3 + 041*4 = 0, 

where the a*s are constants, not all zero, is satisfied by the coordinates 
(1*1, 1*2, 1*3, 1*4) of those and only those planes which pass through the 
point a : (oi, 02, 03, 04). It is, then, the equation in plane coordinates 
of the point o. 

Theorem 2. Every linear homogeneous equation in plane coordinates^ 
not all of whose coefficients are zero, represents a point, and conversely. 


2 . Points, Planes, and Lines. Duality. Let there be given a 
number of distinct points and the same number of distinct planes, 
for example: 

Points Planes 

Coordinates Equations Coordinates Equation^ 
a : (oi, 02, 03, 04) (oju) = 0 a: (oi, 02, 03, 04) (o|x) = 0 

b : {h, b„ h, h) ( 6 | m )=0 6 : (61, 62, 63, 64) (6|*) = 0 . 


The following theorems are readily proved. 


Theorem 1 a. Two distinct 
points determine a line. Equa^- 
lions in plane coordinates of the 
line determined by the points a, b 
are 

(la) (a|i*) = 0, (6|i*) == 0. 


Theorem 1 b. Two distinct 
planes determine a line. Equor- 
Hons in point coordinates of the 
line determined by the planes a, b 
are 

(16) (a|x) = 0, (6|x) = 0. 


In equations ( 16 ), we have a system of two linear homogeneous 
equations in four unknowns, which is of rank two. The simultaneous 
solutions of the equations are, then, the linear combinations of two 
nonproportional particular solutions (ci, C2, cs, C4), (di, di, ds, d4). Hence 
the points of a line are the linear combinations of two distinct points 
on the line. 

The same considerations applied to equations (la) tell us that the 
planes through a line are the linear combinations of two distinct 
planes through the line. This totality of planes is known as a pencil 
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of planes. The line is called the axis of the pencil and three or more 


planes of the pencil are said to be 
Theorem 2 a. The equation 
k{a\u) +l{h\u) = 0, 

where k, I are parameters not vaun 
ishing simultaneously ^ represents 
the range of points determined by 
the points a, 6. The coordinates of 
an arbitrary point of the range are 
k a + lb. 


coaxed. 

Theorem 2 6. The equation 
k(a\x) + l(b\x) = 0, 

where k, I are parameters not van^ 
ishing simultaneously ^ represents 
the pencil of planes determined by 
the planes a, b. The coordinates of 
an arbitrary plane of the pencil are 
ka -\-lb. 


A finite number of points (planes) are said to be linearly dependent 
if their sets of homogeneous coordinates are linearly dependent. By 
Theorem 2: 

Theorem 3 a. Three points Theorem 3 b. Three planes 
are linearly dependent if and only if are linearly dependent if and only if 
they are collinear. they are coaxal. 

If the three points a, &, c are not collinear, the system of equations 
(a|t^) = 0, {b\u) = 0, (c\u) = 0 

is of rank three and every solution of it is a multiple of the particular 
solution 

(2) la263C4|, — |ai63C4|, \a 1 b 2 C 4 \y -“[aiftaCal. 

Hence, there is a unique plane containing the three points, and its 
equation is 

I a2 63 C4 1 Xi — 1 oi bz C4 \x 2 + I ai 62 C4 1 X3 — | oi 62 C3 1 X4 = 0, 

or 

I ai 62 Cs X4 1 = 0. 

Theorem 4 a. Three non- Theorem 4 b. Three non- 
collinear points a, b, c determine a coaxal planes a, b, c determine a 
plane. The plane has the coordi- point. The point has the coordi- 
nates (2) and the equation nates (2) and the equation 

(3 a) |tt6ca;|— 0. (3 6) |a6ctt|=0. 

The following theorems may now be readily established. 

Theorem 5 a. I'he points Theorem 5 6. The planes 

ka^lh’-\-mc ka + lh-\-mc 
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linearly dependent on the three nonr‘ linearly dependent on the three non’-' 
collinear points a, h, c are the points coaxed planes a, 6, c are the planes 
of the plane determined by the three through the point determined by the 
points. three planes. 

The totality of planes through a point is known as a sheaf of planes. 

Theorem 6 a. The four points Theorem 6 h. The four planes 

a, b, c, d are coplanar, that is, lie in a, 6, e, d are copunctual, that is, go 
a plane, if avid only if through a point, if and only if 

\abcd\=Q. |a6crf|=0. 

Theorem 7 a. Four points are Theorem 7 h. Four planes are 

linearly dependent if and only if linearly dependent if and only if 
they are coplanar. they are copunctual. 

Five sets of four numbers each are always linearly dependent. 
Hence: 

Theorem 8 a. Five points are Theorem 8 h. Five planes are 

always linearly dependent. always linearly dependent. 

Theorem 9 a. The points Theorem 9 h. The planes 

k a + lb + m c + n d k a + lb m c + n d 

linearly dependent on four nonco- linearly dependent on four nonco- 
planar points a, b, c, d are all the punctual planes a, b, c, d are all the 
points of space. planes of space. 

It is evident from these developments that, in space, point and plane 
are dual and the straight line is self-dual. 

We recognize in space three fundamental forms of points, three of 
planes, and four of lines: 


Dimensionality 

Points 

Planes 

Lines 

One 

Range 

Pencil 

Pencil 

Two 

Plane 

Sheaf 

J Plane 
(Sheaf 

Three 

Space 

Space 


Four 



Space 


The point, the plane, or the line may be taken as ^he fundamental 
element in the study of the geometry of space. We shall be interested 
primarily in the point and plane geometries and shall develop thf3m 
simultaneously. Both of these geometries are three-dimensional and 
each is the dual of the other. In both, the straight line, that is, a 
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range of points or a pencil of planes, is one-dimensional. In plane 
geometry, the two-dimensional form is the point: the sheaf of planes; 
and, in point geometry, it is the plane : the plane of points. 

We shall, on occasion, for the sake of unification and conciseness, 
make use of the relation between two elements known as united posi~ 
lion. A point and a plane are said to have united position if the point 
lies in the plane, a line and a point if the line contains the point, a line 
and a plane if the line lies in the plane, two points or two planes if they 
are identical, and two lines if they intersect. 

EXERCISES 

1. Show that a straight line and a plane not through the line have a unique 
point in common. State and prove the dual. 

2. Two distinct straight lines are determined respectively by the pairs of 
planes a, h and c, d. Establish a condition necessary and sufficient that the 
lines intersect. State the dual. 

3. Establish the following theorems: 

(a) Theorem 5; (6) Theorem 6; (c) Theorem 9. 

4 . In the following equations A:, or A;, w, arc parameters which do not 
vanish simultaneously. Determine what each pair of simultaneous equations 
represents. 

(а) k{a\u) + = 0; 

(б) A:(a|x) + Z(6|x) =0, (c|x) = 0; 

(c) k(a\x) + f(6|x) + m{c\x) = 0, (dlx) = 0; 

id) A:(a|i/) -|- ^(6|w) + m,(c\u) = 0, (d|w) = 0. 

3 . Cross Ratio. One-Dimensional Coordinate Systems. The theory 
of cross ratio may be extended to space by carrying over from the 

plane the geometric definitions of cross ratio for points and lines 

(Ch. VI) and introducing a similar definition for planes. We prefer, 
however, to develop the whole subject anew from a purely analytic 
point of view, based on the consideration of coordinate systems in one- 
dimensional fundamental forms. 

One^Dimensional Coordinate Systems, Denote by Eioy Eoi^ Eu three 
distinct elements of a one-dimensional fundamental form, which we 
assume, to begin with, is a range of points or a pencil of planes. Let 
a : (fli, 02, as, 04) and b : (bi, 1)2, bs, ^4) be homogeneous (point or plane) 
coordinates for Eio and Eoi, so chosen that En has the coordinates 
a + b, and let 

El k a lb 

be an arbitrary element of the form. 
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The ordered numbers (A;, Z) constitute homogeneous coordinates for 
the elements of the form. We shall refer to them as projective co^ 
ordinates. The following table shows in detail their relationship to the 
space coordinates. 

Eio Eoi Ell E 

Space Coordinates a h a + b ka lb 

Coordinates (A;, Z) (1, 0) (0, 1) (1, 1) (A:, Z). 

The elements £7io, Eq\ are called the zero elements, and En the unit 
element, of the coordinate system. 

Suppose that we set 

a = A a', b Bb', 

where A and B are constants, 5*^ 0, and denote the coordinates in the 
form which are based on a', b' as the space coordinates of Eio, Eoi by 
W, V). We then have: 

Eio Eoi Ell E 

Space Coordinates a' 6' A a' + Bb' (A A;) a' + {Bl)^ 

Coordinates {k\ V) (1, 0) (0, 1) (A, B) {Ah, Bl). 

The two tables show that the coordinate systems {k, 1) and {k\ Zf), 
even though they have the same zero elements, are not in general 
identical. They arc identical only if A = that is, only if they also 
have the same unit clement. 

Theorem 1. If JEJio, /^oi, and En are three distinct elements of a one-* 
dimensional fundamental form, there exists a uniqvs system of projective 
coordinates for the form in which Ei^, Eq\ are the zero elements (1, 0), 
(0, 1) and Ell the unit element (1, 1). 

It is well to note that the coordinate system, though not completely 
determined by the zero elements themselves, is completely determined 
by definitely chosen space coordinates a, b for the zero elements. 

Theorem 2. The change from one coordinate system in a one- 
dimensional form to a second is represented by a linear transformation^ 
and conoersely. 

Let an arbitrary element E of the form, which we still assume is a 
range of points or a pencil of planes, have the coordinates (/c, 1) and 
(A;', Z') in the two given coordinate systems, and let the corresponding 
space coordinates of £7 be A; a + Z 6 and k'a' + Z'6'. Substituting the 
expressions for a and b as linear combinations of a', h', namely 

a == Aia' + Rife', fe = A20' + Bjb^ AiB% — A2R1 9^ 0, 
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into the symbolic equation 

p{k*of + VW) = k a Ih^ 
we find immediately that 
, . pk' = Aik + Ail, 

^ ^ P r = Bik + B 2 I 

Conversely, every linear transformation (1) represents a change of 
coordinates in the form, as is readily proved by retracing steps. 

Theorem 3. If the basic points (1, 0), (0, 1), (1, 1) of a coordinate 
system in a range of points lie respectively in the basic planes (1, 0), 
(0, 1 ), (1, 1) of a coordinate system in a pencil of planes^ the point (kf 1) of 
the range lies in the plane (Jk, 1) of the pencil. 

Let Xj Pf X + y he the space coordinates of the basic points of the 
range and u, u + v, those of the basic planes of the pencil. By 
hypothesis, 

{x\u) = 0, (j/|») = 0, (x + 2 /| tt + r) = 0, 

or 

(x|m) = 0, (yl®) = 0, (x|») + (j/Im) = 0. 

Hence 

{k X + I y\k u + Iv) ^ [(^k) + (x/h^)] + lKy\v) = 0. 

Consider now a pencil of lines. Choose arbitrarily a range of points 
whose points lie respectively on the lines of the pencil, and a pencil of 

planes whose planes contain respec- 
tively the lines of the pencil (Fig. 1). 
Let Lio, Loi, L\\ be three distinct 
fixed lines and L an arbitrary line 
of the pencil, Pio, Poi, Pu, and P the 
points of the range which lie on 
these lines, and Mio, Moi, Mu, and 
M the planes of the pencil of planes 
which contain them. Construct 
the system of coordinates in the 
range of points based on Pio, Poi, 
Pii and that in the pencil of planes 
based on Mio, Moi, Mu. The point 
P of the range and the plane M of 
the pencil have then, by Th. 3, the same coordinates (k, Z). These 
coordinates we assign to the line L. We thus obtain a coordinate 
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system in the pencil of lines in which L\^ Loi axe the zero lines 
(1, 0), (0, 1) and Ln is the unit line (1, 1). 

That this coordinate system is independent of the particular range 
of points and the particular pencil of planes originally chosen is readily 
proved by applying Theorem 3 to two positions of the range and one 
position of the pencil, or to two positions of the pencil and one position 
of the range. Hence, Theorem 1 holds for a pencil of lines. 

A pencil of lines may be thought of as consisting of the lines 
which join a point (c|«) = 0 to the points of a range of points 
{h a I h\u) = 0 not containing the point c, or as consisting of the 
lines of intersection of a plane (c' | x) = 0 with the planes of a pencil 
of planes {k* a' -f- Z'6' | rr) = 0 not containing the plane c'. Thus, it is 
represented analytically by either of the pairs of equations 

(2) (A;a + Zfe|w) = 0, (c|a) = 0; (ikV + Z'6'|a:) = 0, (c'|x) = 0. 

The coordinates (A;, Z) in the range of points and the coordinates {k\ V) 
in the pencil of planes are then coordinates in the pencil of lines and, 
in fact, the same coordinates if the basic points of the range of points 
lie in the basic planes of the pencil of planes. 

The manner of construction of the coordinate systems in a pencil of 
lines guarantees the truth of Theorem 2 for a pencil of lines and shows 
that Theorem 3 is valid also for a range of points and a pencil of lines 
and for a pencil of lines and a pencil of planes. The extension of 
Theorem 3 we state in terms of the concept of united position. 

Theorem 4. If the basic elements of a coordinate system in a one- 
dimensional form have respectively united position with the corresponding 
basic elements of a coordinate system in a one-dimensional form of a 
different type, the element (k, Z) of the first form has united position with 
the element {k, Z) of the second form. 

If {k, 1) are homogeneous coordinates in a one-dimensional form, 


k 



is defined as the corresponding nonhomogeneous coordinate. Every 
element of the form, except has a unique coordinate w. In par- 
ticular, w becomes infinite for ^lo, = 0 for -E^oi, and w ^ 1 for E\\. 

Cross Ratio. If, of four distinct elements in a one-dimensional form, 
three are chosen as the basic elements of a coordinate system in the 
form, the fourth takes on a definite nonhomogeneous coordinate (Th. 1). 
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Thus, there are associated with the four elements certain numbers. 
We call these numbers the cross ratios of the four elements. 

Definition. If Ei, E 2 , E3, E4 are four distinct elements of a one* 
dimensional fundamental form^ the cross ratio (E 1 E 2 , E^Ea) is the novr 
homogeneous coordinate w of E 4 in the coordinate system in which Ei, E 2 , 
Ez are respectively the basic elements Eio, Eoi, Eu: 

(3) (E 1 E 2 , EzEa) = w. 

It is clear from the definition that w) 5 *^ 0, 1, and that, when the first 
three elements and the value of 0, 1) are given, the fourth element 
is uniquely determined. 

Theorem 5. If four distinct elements of a one-dimensional form are 
respectively in united position urith four distinct elements of a one-dimen- 
sional form of different type, a cross ratio of the four elements of the first 
form is equal to the corresponding cross ratio of the four elements of the 
second form. 

The theorem is essentially a restatement of Theorem 4 in terms of 
cross ratio. 

Theorem 6. If E\, Ez, Ez, E4 have the homogeneous coordinates 
{hi, li), t = 1, 2, 3, 4, in an arbitrarily chosen, but fixed, coordinate 
system in the form, 

(4) (aR,6a).}Ml|||l. 

It suffices to prove the proposition for the case of a range of points or 
a pencil of planes. Let the space coordinates of E\, Ez, Ez, E 4 which 
give rise respectively to the coordinates w and (Jc, 1 ) in the form be 

a b a b w a + b, 

Jc\a^ -|- l\b^ k^a' Izb' kzo' 4” hb' k^a' -f- Ub'. 

Then 

kia' -f" If)^ = PiO-, kza' -}- hiy ” Pi(,a -|- b), 

kza* -f- W = p 2 b, kio' -|- Ub' = pa{w a + b). 

Solving the two equations on the left for a', b' in terms of a, b, we obtain 

I A^i /o j == pil^a — pzlib, I ki Izlb^ = — pikza 4“ pakib. 

Substituting these expressions for o', b' in the two equations on the 
right, we arrive at the following relations 

Pllfcslsl =P 3 |fcli 2 |, Pl|fc 4 i 2 |= WplIfcjZjj, 

— P2|fc»ii| = Ps|A;i Ji|, — P2|fc4ii|= P4|A:ii2|. 
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Hence 

Pi _ A;8 Zi I pi h Ij _ 

P2 kzlzl p2 kill ’ 

and • 


(5) 


kz l \ I kiti\ 
kz I2 1 A14 Hi I 


The formulas for cross ratio given in Ch. VI, § 4 are valid for points 
of a range (planes of a pencil) provided the symbols o, 6 are thought of 
as representing space coordinates of points (planes). The same for- 
mulas hold also for lines of a pencil in space when the symbols 
are interpreted as the a, h or the a\ 6' of the first or second pair of 
equations (2). 

Projective correspondences between two one-dimensional forms in 
space may now be treated in precisely the same way as they were in 
the plane. In fact, the definition, theorems, and proofs of Ch. IX, 
§ 4 arc equally valid here. The only difference is that wc now have 
three kinds of forms instead of two. 


An Analytic Foundation for Projective Geometry. From the point 
of view of pure projective geometry, the foregoing theory of cross ratio 
has the advantage that it is not directly dependent on the metric 
concept of distance. But, like the rest of our present development of 
projective geometry, it does depend indirectly on metric concepts in 
that it is based on Cartesian point and plane coordinates. 

We digress for a moment to outline a method by means of which it is 
possible to free our present treatment completely from metric elements 
and at the same time to establish it on a firmer foundation. 

We assume two classes of objects which we call points and planes 
and lay down for them the following postulates. 

Postulate 1 a. To each point Postulate 16 . To each plane 
corresponds a set of ordered num- corresponds a set of ordered num- 
ber quadruples {px\, px^, pxs, pXi) her quadruples (pUi, puz, puz, pUi) 
where Xi, X2, X3, X4 are fixed^ not all where wi, U2, W3, W4 are fixed^ not all 
zerOy and p is arbitrary y not zero, and zerOy and p is arbitrary y not zeroy and 
conversely. conversely. ' 

* The proof amounts to showing that the expression on the right-hand side 
of (4) or (5) is an absolute invariant of four distinct elements of the form 
with respect to the linear transformations which represent the changes of 
coordinates (see Th. 2 ). If we had cared to make use of our previous knowl- 
edge of this fact, reference to it would have been sufficient proof of our theorem. 
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Definition la. A number 
quadruple (aji, Z 2 , Xa, X 4 ) shall be 
called a set of homogeneous co- 
ordinates for the corresponding 
point. 


Definition 16. A number 
quadruple (wi, 1 ^ 2 , U 4 ) shall be 

called a set of homogeneous co- 
ordinates for the corresponding 
plane. 


Wc next define the fundamental relationship between point and 
plane. 


Definition 2. If coordinates (xi, X 2 , Xa, X 4 ) of a point and coordinates 
(til, ti2, Wa, of a plane satisfy the condition 


UiXi + tiaXa + tiaXa + ti4X4 = 0, 


the point shall be said to lie in the plane and the plane to contain the point. 

The reader may now prove 

Theorem 1. There exist configurations each consisting of a subclass 
(A) of 00 1 points and a subclass (B) of 00 1 planes^ which are so related 
that the points of (A) lie in every plane of (B) and are all the points lying 
in every plane of (R), and the planes of {B) contain every point of (A) and 
are all the planes containing every point of (A). 

Definition 3. These configurations shall be called straight lines. 

This completes the essentials of an analytic foundation on which our 
present development of projective geometry, beginning with § 2 , may 
be based. 

EXERCISES 


1. Two projective pencils of planes are said to be perspective if the lines of 
intersection of corresptinding planes are coplanar. Prove that a necessary and 
sufficient condition that two projective pencils of planes be perspective is that 
their axes be coplanar and their common plane self-corresponding, and show 
that the lines of intersection of corresponding planes form, then, a i>encil of 
lines. State the duals of the definition and theorem. 

2. The axes of two projective, nonperspective pencils of planes are coplanar. 
Discuss in full the locus of the lines of intersection of corresponding planes of 
the two pencils. 

3. Define and develop two-dimensional coordinate systema^ first for a plane 
of points and a sheaf of planes, and then for a sheaf of lines and a plane of lines. 

4. Show that the coordinate systems for a plane of points and a plane of lines 
are identical with those of Ch. X. 

5. Define and discuss projective correspondences between two-dimensional 
fundamental forms. 

6. Two projective planes of points are said to be perspective if the lines joining 
corresponding points are concurrent. Show that a necessary and sufficient 
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condition that two projective planes of points be perspective is that each point 
common to the two planes be self-corresponding. 

7 . State the duals of the definition and theorem of the previous exercise 
prove the new theorem. 

8. Prove Theorem 1 of the abstract development of projective geometry. 

4. Projective Geometry at a Point. Quadric Cones. The pro- 
jective geometry at a point P is the projective geometry of the sheaf of 
lines and the sheaf of planes which have P as vertex. It is the com- 
posite of a line geometry at P, in which the plane appears as a pencil of 
lines, and a plane geometry at P, in which the line appears as a pencil 
of planes. 

The two geometries may be developed simultaneously in standard 
analytic forms by choosing projective coordinates (fi, ^2, $3) in the 
sheaf of lines and projective coordinates (t?i, 772, in the sheaf of planes 
(§ 3 , Ex. 3 ) so that the lino ^ lies in the plane 77 when and only when 
(JIt?) = 0. The equation (a|f) = 0 is, then, the equation in line 
coordinates of the plane a, and the equation (a|7;) = 0 is the equation 
in plane coordinates of the line a. 

The quadratic equation in line The quadratic equation in plane 
coordinates coordinates 

1-.3 1-3 

(1 fl) ^ ^1/ ““ 

ij iJ 

is said to represent a quadric cone is said to represent a quadric cone 
of lines, nondegencrate or degon- of plancsj nondegencrate or degen- 
erate according as |ai,| 5*^ 0 or erate according as |6„|7*^0 or 

I 1 = 0 . I bij j = 0 . 

A degenerate cone of lines con- A degenerate cone of planes 
sists of two planes (pencils of consists of two lines (pencils of 
lines), distinct or coincident. planes), distinct or coincident. 

The configurations obtained by adjoining to the nondegenerate cones 
of lines their ‘Hangent planes*' and those obtained by adjoining to the 
nondegenerate cones of planes their ‘‘contact lines” are identical. 
We call them nondegenerate cones. 

In justification of these statements, think of the coordinates { and 77 
of an arbitrary line L and an arbitrary plane p as assigned also to the 
point and line in which L and p meet a fixed plane not containing P. 
Equations (1 a) and (1 b) then represent not only the cone of lines and 
the cone of planes under investigation, but also the point conic and 
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line conic in which these cones intersect the fixed plane. Hence the 
analytic theories of the cones are identical with those of the conics and 
the geometric results differ only in terminology. 

EXERCISES 

1. Developj the theory of contact lines of a nondegenerate cone of planes. 

2. Discuss in detail the envelope of the planes determined by corresponding 
lines of two projective pencils of lines which have the same vertex, but lie in 
different planes. 

3. Find the locus of a line which always contains a fixed point P and varies 
so that the cross ratio of the four planes determined by it and four fixed lines 
through P is constant. 

4. Show that there is a unique cone of planes, determined by five copunctual 
planes, no three coaxal, and that the cone is non degenerate. State the dual. 

5. Develop the polar system associated with a non degenerate cone. 

6. Prove that the degenerate point conics and the degenerate cones of planes 
are essentially identical. 

7. What is the space dual of a line conic? 

8. Show that the cone of lines, considered in space, has oo® points and hence 
may be represented by a single equation in the point coordinates of space. 
State the space dual. 

9. Can a point conic ever be represented by a single equation in the plane 
coordinates of space? By a single equation in the point coordinates of space? 

5. Three-Dimensional Coordinate Systems. In a three-dimen- 
sional fundamental form, a space of points or a space of planes, let 
Ely E^y Ezy Ei be four linearly independent elements and let E be an 
arbitrary element. If a, b, c, d, and z represent homogeneous coordi- 
nates of Ely Ezy Ezy Eiy and Ey homogeneous constants zi, zi, zs, zi, and 
p exist so that 

(1) pz = z\ a + zzb zsc d, p 0. 

Definition. Tbe ordered number set (zl, zi, za, zi) shall constitute 
new homogeneous coordinates of the arbitrary element E, 

The elements Eiy E^y Ez, Ea have the new coordinates (1, 0, 0, 0), 
(0, 1, 0, 0), (0, 0, 1, 0), (0, 0, 0, 1). They are called the zero elements^ 
and the tetrahedron which they determine, the tetrahedron of reference^ 
of the new coordinate system. 

Since the original coordinates a, 6, c, d of the zero elements admit 
factors of proportionality which affect (zi, zi, za, zi), the zero elements 
do not completely determine the new coordinate system. To render 
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the new coordinates unique it is necessary, and sufficient, to choose a 
fifth element liriearly independent of each three of the zero elements^ 
and to prescribe for it definite new coordinates, linearly independent of 
those of each three of the zero elements. In particular, we prescribe 
(1, 1, 1, 1) as coordinates for Eut and accordingly call Eu the unit 
element. 

Theorem 1. If Ei, E^, E^j E^y and Eu are five demeyds of a three-- 
dimensional fundamental form, no four of which are limarly depevdenty 
there exists a unique system of new homogeneous coord hiates in the form in 
which Ely Eiy Ezy Ea are the zero elements (1, 0, 0, 0), (0, 1,0, 0), (0, 0, 1, 0), 
(0, 0, 0, 1), and Eu is the unit element (1, 1, 1, 1). 

The proof of this and the following theorem wc leave to the reader. 

Theorem 2. Homogeneous Cartesian coordinates are a special case 
of the new coordinates. 

Equations (1), 

pz, = a^Zl + b^Z2 + CtZi + dtZiy (? = 1, 2, 3, 4), 
represent the transformation from the new coordinates z' to ilie original 
coordinates z. The transformation is linear and, since jated)?^ 0, 
the inverse is linear, of the form 

(2) oz[ = E a^jZjy (i = 1, 2, 3, 4), 1 a„| ^ 0. 

Hence we readily prove 

Theorem 3. The change from one system of homogeneous coordinates 
in a three-'diwensional fundamental form to a second is represented by a 
{nonsingular) linear transformationy and conversely. 

As a consequence of this theorem, we have: 

Theorem 4. The projective geometry thus far developed for a space of 
points (planes) has the same analytical form in terms of the 7iew point 
(plane) coordinates as in terms of the original point (plane) coordinates. 

In § 3 we introduced in a one- (two-)dimenbional form one- (two-) 
dimensional coordinate systems based on the original space coordinates. 
We may now introduce in the form similarly constructed coordinate 
systems based on the new space coordinates. How' will these new 
coordinate systems be related to the original ones? 

Consider the question, say, for a range of points. Let Pio, Pm, Pu 
be the basic points and P an arbitrary point of the range, and let (ky 1) 
be the coordinates in the range based on the original space coordinates 
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a,h,a + 6, and k a + lb for Pio, Poi, Pn, and P. New space coordi- 
nates for the four points, obtained from a, 6, a + 6, fc a + Z 6 by means 
of (2), are a', 6', aia' + a 2 b\ k tria' + Z (rjb^ where cri, 0-2 are the values 
of (T for a — > a', 6 — > 6'. In order that Pn be the unit point for the 
new coordinates {k cri, Z in the range, a' and fe' must be so chosen 
that <T\ = <Ti. The new coordinates in the range are then identical 
with the original coordinates {k^ Z). 

Theorem 5. The one- (two-) dimensional coordinate systems in a one- 
(two-) dimensional form are independent of the space coordinates^ that is, 
are invariant witfi respect to a change of space coordinates. 

This result is most fortunate in that it guarantees that our definition 
of cross ratio (§3) is independent of a change of space coordinates. 

Point and Plane Coordinates in the Same Space. Let x' and u' be 
new point and plane coordinates in space, defined in terms of the 
original point and plane coordinates x and u by the equations 
4 4 

(3) pxi = Z! b,kUKy (i = 1, 2, 3, 4). 

Then 

4 4 1-4 ^ ^ 1 - 4/4 \ ; 

fxr Y. XiUi = Y H aijhikxm = Y i H O'ijbik ) xfUk, 

<-l <=1 j,t J.k \<=1 / 

or 

1-4 4 

P<t(x\u) = Y CjkxWh where Cjh — Yoifiik* 

Lemma. If x' and u' are new point and plane coordinates related to the 
original ones by equations (3), the condition necessary and sufficient that 
the point x' lie in the plane u' is 

1-4 4 

(4) ^ *1 CjkXjUii — 0, where Cjk ” ^Y^ a^^xk* 

This condition reduces to the standard form: (x^\u') = 0 if and only 
if 

(5) Cjk = 0, Cjj = Ckk 9^ 0, (j 7 ^ k, jy k = ly2y 3, 4). 

The twelve equations Cjk = 0 may be arranged in four sets of three 
each, corresponding to the four values of k. The typical set is 

aipbit + azphia + Osp&a* + = 0, 

a\qhia + a2qh29 -h azqb^a + aiqbu = 0, 

ClliI>U + 02r&a8 + 03rZ>3« + atrbu = 0, 
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where p, r, s is a cyclic order of 1, 2, 3, 4* Hence 

6 i* : 62 * • : 64 , = Au • Au • Aa* : Ai^f (* = 1> 2, 3, 4), 

or 

bij = XjA^jf (i, j = 1 , 2 , 3 , 4 ), 

where is the cofactor of a», in the determinant |a»y| and the X/s 
are factors of proportionality. Now 

4 4 

Cjj = ^^o>tjbij = XjJ^aiyAi/ = I ni;|Xy, 

so that c/j ” Ckkj Ji — 1, 2 , 3 , 4 , if and only if Xi = X2 — Xj = X4. 
Consequently, equivalent to equations ( 5 ) are the relations 

(6 bij = X Atjf X 7 *^ 0, (if j = 1, 2, 3, 4), 

or, since equations ( 5 ) are symmetric in the a's and 6^s, the relations 
(6 b) Oij = fx Bijy p 5 *^ 0, (i, J — 1> 2, 3, 4). 

Theorem 6. A necessary and sufficient condition that the transforma- 
tions ( 3 ) from the original coordinates x, u to the new coordinates x', u' 
'preserve the standard form of the condition that a point lie in a plane is 
that 

(6) bij = X At/, or Oij = fjL Bij, X/x 9 ^ 0, {ij = 1, 2, 3, 4). 

Point and plane coordinates for which the condition that a point lie 
in a plane is in standard form we shall call associated point and plane 
coordinates. It is clear from Theorem 6 tliat, associated with a given 
system of point coordinates, is a unique system of plane coordinates, 
and vice versa. 

The transformations 

(7 a) pxi = (i — 1 , 2 , 3 , 4 ), 

i-i i=i 

or the inverse transformations 

4 ^ 4 

(/ 6 ) p Xi — y~]AiiXj, O' Ui = ^^Ojxiijy {i 1 , 2 , 3 , 4 ), 

represent changes from associated point and plane coordinates x, u to 
new associated point and plane coordinates x\ u', / 

Geometrical Interpretations. Let : ( 1 , 0 , 0 , 0 ), A2 : ( 0 , 1 , 0 , 0 ), 
A3 : (0, 0, 1, 0), A4 : (0, 0, 0, 1) be the vertices of the tetrahedron of 
reference and : ( 1 , 1 , 1 , 1 ) the unit point of a system of point co- 
ordinates. Denote by a< the face of the tetrahedron opposite to A », 
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by Eij the edge of the tetrahedron common to the faces a,*, a/, and by 
dii and p*,- the planes determined by the edge E ,• and the points D and 
P, where P is an arbitrary point. 

Theorem 7. If (a:i, a^s, x^ are coordinates of P, the ratio Xj/xi is 
equal to the cross ratio in which the faces a if a^ are separated by the 
planes d\jf Pij • 

X ■ 

— = \ij, where X<,- = (a<o,-, dapa), (i ^ j, i, j = 1, 2, 3, 4), 

Xi 

and corwersely. 

The proof is left to the reader (Ex. 4). Let him show, also, that if 
P is restricted to the face : Xi == 0, then {xjy Xk, xi) are the point 
coordinates for the face which are based on the triangle AjAhAi as 
triangle of reference and the point Z)f in which the line AiD meets 
flt as unit point. The points Di are known as the unit points of the 
faces fli. 

The projective interpretation of plane coordinates is the dual of 
that of point coordinates. Here, it is the faces o* of a tetrahedron and 
a plane d which are respectively the zero elements and the unit clement. 
If, in particular, the variable plane p : (ui, Wz, Uzy Ua) is restricted to 
pass through the vertex Ai:ui= 0, then (w,*, Uky ui) are the line 
coordinates for the lines of the plane Oi which are based on the tri- 
angle AjAkAi as triangle of reference and the line di in which d meets 
ai as unit line. The lines di are called the unit lines in the faces o*. 

Theorem 8. A necessary and sufficient condition that point and plane 
coordinates in the same space he associated is that the zero points Ai and 
the zero planes ai be respectively the vertices and opposite faces of a tetra- 
hedron, and that the unit point and unit line in each face bear the same re- 
lationship to one another with respect to the triangle in the face as in the 
case of associated point and line coordinates in a plane. 

Our point and plane coordinates, thus interpreted, are known as 
projective coordinates. They are also capable of metrical interpreta- 
tions whereby they appear as the generalizations of trilinear coordi- 
nates in the plane. They are then called tetrahedral coordinates. 

EXERCISES 

1. Prove Theorem 1. Why is it necessary that Eu be linearly independent 
of each three of the zero elements? 

2. Establish Theorem 2. Describe accurately the common tetrahedron of 
reference for associated Cartesian point and plane coordinates. 



SPACE GEOMETRY 


421 


3. Prov© Theorem 5 in the case of a sheaf of planes. 

4. Prove Theorem 7. Show also that 

= 1 , ih 3 ^ 1 , 2 , 3 , 4 ), 

X34X42X23 = 1, X12X24X41 — 1, 

X41X13X34 = 1 , X23X31X12 1 . 

5. Establish conditions necessary and sufficient that six planes, which pass 
one through each edge of a tetrahedron and are distinct from the faces, be 
copunctuah 

6. Discuss in detail the projective interpretation of plane coordinates. 
State the dual of the theorem established in the previous exercise. 

7. Prove Theorem 8. 

8. Extension of Desargves* Triangle Theorem to Tetrahedra. If the lines 
joining corresponding vertices of two tetrahedra are concurrent, the four lines 
of intersection of corresponding faces are coplanar and corresponding edges 
intersect in the vertices of the complete quadrilateral determined by these 
four lines. 

9. State and prove the dual theorem. 

10. Corresponding edges of two tetrahedra intersect. What follows? 

11 . Show that the lines joining corresponding vertices of the common tetra- 
hedron of reference A 1 A 2 A 3^4 for associated point and plane coordinates and 
the tetrahedron DiD 2 DiDi are concurrent in the unit point D and the lines of 
intersection of corresponding faces lie in the unit plane d. State the dual. 

12. Show that, if six distinct points, one on each edge of a tetrahedron, are 
coplanar, the six planes determined by their harmonic conjugates, with respect 
to the vertices, and the opposite edges are copunctual. 

13. Show that the six planes determined by the edges of a tetrahedron and 
the mid-points of the opposite edges are copunctual. 

14. Discuss in detail tetrahedral point coordinates. 

6. Three-Dimensional Projective Transformations. Two spaces of 
points are projective or in projective correspondence if (a) to a point 
of the one corresponds a point of the other, (h) to the points of a plane 
in the one correspond the points of a plane in the other, (c) to the points 
of a line in the one correspond the points of a line in the other, and (d) 
cross ratio is preserved. 

Only one of the requirements (b), (c) is necessary, since, if either is 
satisfied, so is the other. If to a range of points corresponds a range 
of points, then to the points of a plane correspond the points of a plane, 
inasmuch as a plane of points may be thought of as generated by the 
range of points determined by a point tracing a fixed range and a fixed 
point not contained in this range. Conversely, if to a plane corre- 
sponds a plane, then to a line corresponds a line. 
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Analogous remarks apply to the case of two spaces of planes or to 
that of a space of points and a space of planes. We may, then, form- 
ulate our general definition as follows. 

Definition. Two three-dimensional fundamental forms whose ele- 
ments are in one-to-one correspondence so that to the elements of a two- 
(one-) dimensional form of the one correspond the elements of a two- (one-) 
dimensional form of the other and cross ratio is preserved^ are projective 
or in projective correspondence. 

Theorem 1. There is a unique projective correspondence between two 
three-dimensional forms which orders respectively to five given elements of 
the one form five prescribed elements of the other, provided only that no 
four elements of either set of five are linearly dependent. 

Take the five given elements as the basic elements for a coordinate 
system in the first form and the five prescribed elements as the cor- 
responding basic elements of a coordinate system in the second 
form. If there exists a projective correspondence determined by the 
five pairs of elements, corresponding elements must have the same 
coordinates. But the correspondence 

(1) pzi = Zi, (i = 1, 2, 3, 4), 

is surely projective. 

The transformations determined by projective correspondences we 
call, as usual, projective transformations. 

Theorem 2. Every projective transformation of one three-dimensional 
form into a second, expressed in terms of arbitrarily chosen coordinates in 
the two forms, is a linear transformation, and converselij. 

For, on the one hand, (1) is linear and a change of coordinates is 
linear, and on the other hand, every linear transformation of one space 
into a second has the properties characteristic of a projective trans- 
formation. 

Collineations and Correlations. These terms are employed as in the 
plane. The collineations of space are the projective transformations of 
space into itself which carry points into points and hence planes into 
planes and lines into lines, or the projective transformations which 
carry planes into planes and hence points into points and lines into 
lines. If a collineation and its inverse have as their equations in 
point coordinates 

4 4 

(2 a) pxi = GXi — (f ~ 2, 3, 4), 5^ 0, 
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then their equations in the associated plane coordinates are 

4 4 

(2 h) \ui = fxui — (i = 1, 2, 3, 4), 

Jml 

Theorem 3. The collineations of space constitute a fifteerinparameter 
group. 

The correlations of space are the projective transformations of space 
into itself which carry points into planes and hence planes into points 
and lines into lines, or the projective transformations which carry 
planes into points and hence points into planes and lines into lines. 

Theorem 4. The 2* collineations and correlations constitute the 
group of all projective transformations of space. 

It is to be noted that botli a collineation and a correlation carry a 
line into a line. 

EXERCISES 

1. Enlarge on the proofs of Theorems 1 and 2. 

2. Deduce equations (2 b) from equations (2 a), first directly, and then by 
applying § 5, Th. 6. 

3. Homologies. A point transformation of space leaves fixed a point A and 
each point of a plane o, not containing A, and carries every other point P into 
the point P' on the line AP for which (A Po, P P') = k, where Po is the point 
in which AP meets o, and k is a constant, 7^ 0, 1. Show that the transforma- 
tion is a collineation and discuss its effect on the planes and lines of space. 
Find a canonical form for its equations. 

The transformation is known as a homology y the point A as its center, the plane 
a as its central plane, and k as its invariant. 

Prove that a homology is involutory if and only if its invariant is equal 
to — 1. 

4. Skew Involutions. A point transformation of space leaves every point on 
each of two skew lines Li, L2 fixed and carries every other point P into its 
harmonic conjugate with respect to the two points on Li and L2 which are 
collinear with P. Show that the transformation is an involutory collineation, 
and discuss its effect on planes and lines. Find a canonical form for its equa- 
tions. 

The transformation is called a skew involution, and the lines L\, L2, its axes. 

5. Show that a reflection in a point and a reflection in a plane are metric 
examples of involutory homologies, and that reflection in a line is a metric 
example of a skew involution. Prove that, if a point lies in a plane, the product 
of the reflection in the point and the reflection in the plane is a reflection in a 
line. 

6. The center of each of two involutory homologies lies in the central plane of 
the other. Prove that their product, in either order, is the same skew involu- 
tion. 
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7. Show that an involutory collineation'is either an involutory homology or 
a skew involution. 

8. If 

4 

^ pUi = I Otj 1^0, (i = 1, 2, 3, 4), 

are the equations of a correlation as a transformation of points into planes, 
show that 

4 

pxi = 2) AijUjy a = 1, 2, 3, 4), 

J^i 

are the equations of the same correlation as a transformation of planes into 
points. Prove that the correlation may be equally well represented by either 
of the bilinear equations 

1-4 1-4 

22 oijxixj == 0 , X AijUiUj = 0 . 

7. Metric Geometry. We return to the extended Cartesian space 
of § 1, which we now assume to be a complex space,* and discuss its 
metric or Euclidean geometry. 

Isotropic Directions and Lmes. The square of the distance between 
two finite points on the line represented parametrically by the equa- 
tions 

X = xq + I ty y — yo + ni ty z = zo + nt 
is 

7)2 = ^ -I- ^2 + n2), 

where fi, t 2 are the values of I for the two points. 

Definition. A finite lincy or dircclioriy with direction components 
ly m, n is isotropic if 

P + nP + = 0 . 

Theorem 1. A finite line is an isotropic line if and only if the distance 
between each two finite points on it is zero. 

The point at infinity in the direction with components Xi, xs has 
the coordinates (xi, Xo, x^y 0). Hence: 

Theorem 2. The locus of the points at infinity in the isotropic direc^ 
Hons is the conic represented by the equations 

(1) tI + xl + rl= 0, Ti = 0. 

* Up to tliis point there has been need to commit ourselves definitely to 
either the real or the complex domain only in the study of quadric cones. 
With this exception, the fundamentals of projective geometry treated in the 
previous paragraphs are the same in both domains and may be thought of as 
having been developed in either domain. 
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This conic is known as the circle ol infinity ^ or as the absoltdc coniCf 
or simply as the absolute. 

Theorem 3. A necessary and sufficient condition that a quadric be a 
sphere is that it intersect the plane at infinity in the circle at infinity. 

The proof of the theorem we leave to the reader. We note a special 
case of interest, that of a null sphere. If the center of the sphere is, 
say, at the origin, the equation of the sphere is 

^2 ^ 2/2 + 2 ® = 0, or a-5 H- X 2 + = 0. 

But this is the equation of a quadric cone, namely, the cone whose 
rulings are the isotropic lines through the origin. Accordingly, a null 
sphere is frequently called an isotropic cone. 

Theorem 4. The isotropic lines through a finite point constitute a 
quadric cone. 

An isotropic direction has no direction cosines. Direction com- 
ponents are, in particular, direction cosines only when tlie sum of their 
squares is equal to unity, whereas the sum of the squares of direction 
components of an isotropic direction is always zero.* 

Isotropic Planes. A finite plane which is tangent to the absolute, 
that is, which meets the plane at infinity in a line tangent to the abso- 
lute, is known as an isotropic or minimal plane. 

Theorem 5. A necessary and suffiicient condition that the finite plane 

( 2 ) aiX\ + 02X2 + a^xz + c^Xa = 0 , ai, 02, 03 not all zerOy 
he an isotropic plane is that 

(3) af 4" 02 + at = 0* 

Its point of contact with the absolute is then (ai, 02 , as, 0). 

For, the line at infinity in the plane (2), namely 
aiXi + 02 X 2 4 - azXz = 0, xa = 0, 

is tangent to the absolute (1) if and only if its pole (ai, a 2 , 03, 0) with 
respect to the absolute lies on the absolute. 

* Direction cosines of an oriented or directed line may be defined either as 
the cosines of the angles which the oriented line makes with the positive axes 
or as the projections on the axes of a segment on the line which is of unit 
length and directed in the same sense as the line. For an isotropic line both 
definitions fail, the first because the angles in question do not exist, and the 
second for lack of line-segments of lengths other than zero. On the other 
hand, direction components, defined as the projections on the axes of a directed 
line-segment on the line, exist as well for isotropic as for nonisotropic lines. 



426 


HIGHER GEOMETRY 


The line at infinity in an isotropic plane contains just one point of 
the circle at infinity. In other words: 

Theorem 6. An isotropic plane contains only one pencil of isotropic 
lines. 

The isotropic planes through a finite point are the planes determined 
by the point and the tangents to the absolute, and therefore are the 
tangent planes of the cone formed by the lines joining the point to the 
points of the absolute. 

Theorem 7, The isotropic planes through a finite point are the tangent 
planes to the isotropic cone whose vertex is the point. 

The lines normal to the finite plane (2) have the direction compo- 
nents ai, (h, 03. If (2) is an isotropic plane, these lines are the isotropic 
lines through the circular point at infinity in the isotropic plane, and 
therefore are actually parallel to or lie in the isotropic plane. Strictly 
speaking, then, there are no lines normal to an isotropic plane. 

The Projective Interpretations of Perpendicularity and Angle. The 
reader will find no difiiculty in establishing the following facts. 

Theorem 8. Two finite nonisotropic lines (planes) are mutually 
perpendicular if and only if their points (lines) at infinity are conjugate 
with respect to the absolute. A necessary and sufficient condition that a 
finite nonisotropic line and a finite nonisotropic plane be perpendicular is 
that the point at infinity on the line and the line at infinity in the plane be 
pole and polar with respect to the absolute. Three finite nonisotropic 
lines (planes) are mxitually perpendicular if and only if their points (lines) 
at infinity are the vertices (sides) of a triangle which is self-conjugate with 
respect to the absolute. 

Laguerre’s projective interpretation of angle (Ch. VIII, § 6) is valid 
in space as well as in the plane (Ex. 3 ). 

Rectangular Trihedrals. If a : Oi, 02, Oj; b : 61, 62, b^; c : ci, Cjs, C3 
are sets of direction components of three ordered real lines through a 
finite point P, the relations 

( 4 ) (aja) = (6|6) = (c|c) = 1 , (a|6) = (6|c) = (c|a) = 0 , 

constitute necessary and sufficient conditions that the lines be oriented 
and mutually perpendicular. The three lines shall then be said to 
form a rectangular trihedral. 

There are two types of rectangular trihedrals, the right-handed 



SPACE GEOMETRY 


427 


(Fig. 2 a), and the left-handed (Fig. 2 b). Two trihedrals of the same 
type are equivalent with respect to the group of rigid motions, whereas 
a reflection in a point, or a plane, must be 
adjoined to a rigid motion in order to carry 
one of two trihedrals of different types 
into the other. 

A direct consequence of conditions (4), 
obtained by multip^ung the determinant 
I a 6 c I by itself, is the relation 

(5) I a 6 c I = dz 1. 

One of these possible values of \ahc\ is characteristic of the right- 
handed trihedrals, and the other of the left-handed trihedrals, as is 
readily proved by considerations of continuity. Hence: 

Theohem 9. Two rectangular trihedrals are of the same type or of 
opposite types according as the determinants of the direction cosines of 
their edges have the same sign or opposite signs. 

For the trihedral whose edges are the positive axes of x, ijy 2 , with the 
direction cosines 1, 0, 0; 0, 1, 0; 0, 0, 1, the determinant \ahc\ has 
the value +1. 

Corolla HY. A rectangular trihedral whose edges have the oriented 
directions a, 6, c is of the same type as that of the axes if and only if 

I a 6 c| = 1. 

Rigid M otions. It is intuitively * evident that there is a unique real 
rigid motion of space which carries the three oriented edges of a given 
rectangular trihedral into the three corresponding oriented edges of a 
prescribed rectangular trihedral of the same type. The rigid motion is 
a translation^ if corresponding edges of the two trihedrals are parallel 
and similarly oriented, and a roiationj if the two trihedrals have the 
same vertex. 

A given rigid motion may be thought of as determined by any two 

* We offer no apologies for the appeal to intuition. We are basing our 
treatment of metric geometry on the student's previous training in Solid 
Geometry and this is founded to a large extent, and rightly so, on intuition. 
An abstract development of metric geometry on a postulational basis is beyond 
the scope of the present book, and a logical treatment of metric geometry as a 
subgeometry of projective geometry (Th. 12) before the aspects of metric 
geometry in extended space are known is as inexpedient as the proverbial 
cart before the horse. 


|e 



a 

Fig. 2o Fig. 26 
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rectangular trihedrals, the first of which is carried by it into the second. 
In particular, the first trihedral may always be taken as that of the 
coordinate axes. Let a, fe, c be the oriented directions of the edges, 
and (di, d2, di) the nonhomogeneous coordinates of the vertex, of the 
second trihedral. The rigid motion is, then, the product of the rota- 
tion R carrying the trihedral of the axes into the trihedral whose 
vertex is at the origin and whose edges have the oriented directions 
a, 6, c, and the translation T which carries the origin into the point 
(di, d2, dz). Of course, either Rot T may reduce to the identical trans- 
formation. 

Theorem 10. A rigid motion of space is the product of a rotation 
which leaves the origin fixed and a translation^ or either alone. 

The equations of the rotation R and the translation T are 

x' = a\X + h^y Ci2, x' = X di, 

R: y' = a2X + h^y + T: y' = y + da, 

z' = azx + bzy + Czz, z' = z + dz, 

as is readily shown by applying the methods by means of which the 
corresponding transformations of Cartesian coordinates are regularly 
obtained. Hence, the equations of the general rigid motion are 

x' = aix + hy + ciz + di, 

(6) if = aiX -f 622/ + C 2 Z H- da, 
z' == azX + bzy + CzZ -f ds, 

where the (real) coefficients are restricted only by the relations 

(7) (a|a) = (2/|&) = (r;|c) = l, = (^^|c) = (c| a) =0, |a6c| = 1. 

It is evident from our discussion that there is a one-to-one corre- 
spondence between the rigid motions and the rectangular trihedrals of 
the same type as that of the axes. Hence: 

Theorem 1 1 , The group of rigid motums depends on six parameters. 
The transformations (6) for which |a 6 r| = — 1 and the remaining 
relations of (7) remain as before are known as the reflections of space. 
They, too, depend on six parameters, but do not in themselves form a 
group. 

The Transformations of Similarity and the Affine Transformations. 
The 2 • 00 » transformations 

x' = piaix + biy + CiZ + di), 

y = p(a2X + 622/ + caz + d2), 
z' = p{azx + hzy + czZ + ds), 


( 8 ) 
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where 

(a|o) = (6|h) = (c|c) = 1, (o|5) = (6|c) = (c|o) = 0, /> > 0, 

are the real transformations of similarity of space; in particular, those 
for which | a 6 c( = 1 are the direct^ and those for which | a 6 c[ = ^ 1 
are the indirect^ transformations of similarity. 

The 00^2 transformations 

x' = aix + biy + ciz + di, 

(9) y' = ci2x + 622/ + C2Z + d^y \ahc\i^ 0, 

2' = a^x + hzy + CzZ + da, 

are the affine transformations of space. 

It is evident that the group (6) is contained in the group (8), the 
group (8) in the group (9), and the group (9) in the group of collinea- 
tions of extended Cartesian space. 

Projective^ Affine, and Metric Geometries. These are the geometries 
associated respectively with the groups of collincations, affine trans- 
formations, and rigid motions. Their precise definitions ^ire the same 
as in the plane (Ch. XI, § 6). 

The relationships of the groups (6), (8), (9) to the group of colline?i- 
tions and to one another is readily established. 

Theorem 12. The affine transformations are the collineations of 
extended Cartesian space which leave the plane at infinity fixed; the trans-- 
formations of similarity are the affine transformations v)hich leave the 
absolute fixed; and the rigid motions and reflections are the transformations 
of similarity for which distance is an absolute, instead of a relative, irv- 
variant. 

We may, then, say that metric geometry is essentially the subgeora- 
etry of projective geometry in which a given real plane and a given 
conic without a real trace lying in this plane are held fast. 

EXERCISES 

1. Prove Theorem 3. 2 , Prove Theorem 8. 

3. Establish Laguerre's projective interpretation of angle for two (inter- 
secting) nonisotropic lines in space. Pay special attention to'the case in which 
the two lines lie in an isotropic plane. 

4. An angle between two nonisotropic planes is zero if and only if the planes 
are parallel. Criticize this statement. 

5. An imaginary plane is given. How many real points and how many real 
lines does it contain? 
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6. An imagiinaiy line is given. How many real points are there on it and 
how many real planes pass through it? 

7. Write a single equation in plane coordinates representing the absolute; 
see § 4, Ex. 8. 

8 . Establish relation (5). 

9. Count the number of rectangular trihedrals of the same type as that of 
the axes and hence prove Theorem 11. 

10. Prove analytically that the square of the distance between two finite 
points is an absolute invariant with respect to the group of rigid motions and 
reflections. 

11. Establish Theorem 12. 

12. What affine properties come to mind? 

13 . Show that, if a, 6, c are the oriented directions of the edges of a rectangu- 
lar trihedral of the same type as that of the axes, the relations 

Cl = I 02 63 I , C2 = I O3 61 1 , Cs = I Ol 62 I 
hold; also, the relations obtained from them by cyclic advancement of the 
letters o, 6, c. 

14 . Show that the rotation R is actually a rotation about a fixed line through 
the origin. 

Suggestion. Find the finite fixed points of R, 

15 . Prove that the rigid motion 

x' ^ X cos <t> — y Bin t/ — x sin y cos <f>, — z + (k 

is a screw motion about the z-axis, that is, the product of a rotation about the 
z-axis and a translation in the direction of the z-axis. 

16 . Show that every rigid nwtion is the product of a rotation about a line and a 
translation in Oie direction of the line, or either alone, 

8. Quadric Surfaces. Point Quadrics, The totality of points 
whose coordinates satisfy an equation of the form 

1-4 

( 1 ) ~ 

i.J 

where the a*8 are complex numbers, not all zero, is known as a point 
quadric. The determinant |ai/| is called the discriminant^ and the 
rank of the matrix |ia, 7 || the rank, of the point quadric. When the 
a’s are real or are proportional to a set of real numbers, not all zero, 
the point quadric is said to be real. 

Theorem 1. A straight line either intersects a point quadric in two 
points, distinct or coincident, or lies in the quadric. 

For, if the line is thought of as determined by two points r, s, 
the points which it has in common with the quadric are the points 
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af X r + M « for which X, /x satisfy the equation 

+ 2 X>i '^aijnsf + = 0. 

Theorem 2. A plane either intersects a point quadric in a point conic 
or is entirely contained in the quadric, 

\i r, 8f i are three fixed noncollinear points of the plane, an arbitrary 
point of the plane has coordinates x Xir + x^s + xU. The result of 
substituting these coordinates in (1) is a homogeneous quadratic equa- 
tion in xi^ Z 2 i xz. Since {x[j rrj, xz) are projective point coordinates in 
the plane, this equation represents a point conic or all the points of the 
plane, according as its coefficients are not, or are, all zero. 

If each line through a point either intersects a point quadric only in 
the point, or lies in the quadric, the point is called a singular point of the 
quadric. 

Theorem 3. The point r is a singular point of the point quadric (1) 
if and only if = 0 /or all points y. 

The proof is left to the reader. We note that the identity is equiv- 
alent to the four equations 

4 

= 0, (i = 1, 2, 3, 4). 

Therefore, a point quadric has no singular points, one singular point, a 
range of singular points, or a plane of singular points, according as its 
rank is four, three, two, or one. 

A point quadric which possesses one or more singular points we shall 
call a singular point quadric. 

Theorem 4. A necessary and sufficient condition that a point quadric 
he singular is that its discriminant vanish. 

Theorem 5. A singular point quadric consists of the points of a cone 
of lines. The cone is a nondegenerate concy a pair of distinct planes^ or a 
single doubly counting plane, according as the rank of the quadric is 
three, two, or one. 

It follows from the definition of a singular point that, if is a singu- 
lar point and p is a plane not containing S, the quadric consists of the 
lines which join S to those points of p which lie on it. Hence, accord- 
ing as p intersects the quadric in a nondegenerate conic, two distinct 
lines, or a doubly counting line, the quadric is a nondegenerate cone, 
two distinct planes, or a doubly counting plane.* It is evident geo- 

* Not all thft points of p belong to the quadric. Why? 
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metrically that in these three cases the quadric has respectively one 
singular point, a line of singular points, and a plane of singular points, 
so that the corresponding values of its rank are respectively three, 
two, and one. 

Nonsingular Point Quadrics, A tangent line is defined as a line which 
meets the quadric in a single (doubly counting) point or lies in the 
quadric. It is said to be tangent to the quadric at each point which it 
has in common with the quadric. 

Theorem 6. The tangent lines to a nonsingular point quadric at a 
given point form a pencil of lines. 

The plane of the pencil is known as the tangent plane at the given 
point. The theorem is established by showing that the locus of the 
point y which moves so that the line joining it to the given point r is 
always tangent to the quadric at r is the plane '^a^r^yj = 0. 

Theorem 7. The equation of the tangent plane to the nonsingular 
point quadric {\) at the point r is 

( 2 ) = 0 . 

4 

Coordinates u of the tangent plane are Ui = (i = 1, 2, 3, 4). 

>=b1 

Since \aij\^ 0, these four equations determine, for given u^s not all 
zero, a unique point r. Hence: 

Theorem 8. The tangent planes to a nonsingular quadric at two 
distinct points are distinct. 

The following proposition may be proved in the same way as the 
corresponding theorem for noiidegcnerate point conics. 

Theorem 9. A necessary and sufficient condition that the plane u he 
tangent to the nonsingular point quadric (1) is that 

(3) ^ J^Ai3U^UJ ~ 0. 

Here, A, 7 is the 'cofactor of a,, in |at;l. Since aij = Ojx and 
I a*, I 9^ 0, Aij = A]i and | Aij \ 9^ 0; see Ch. I, § 6, Exs. 2, 3. 

Plane Quadrics. The totality of planes whose coordinates satisfy an 
equation of the form 

1-4 

(4) ^^htjUiUj = 0, hij = bjiy 

J 

where the 6’s are complex numbers, not all zero, is called a plane quadric. 
The determinant [ hi^ | is known as its discriminant, and the rank of 
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now'll 8^ rank. It is real if the fe’s are proportional to a set of 
real numbers, not all zero. 

Since in the geometry of planes, a line is a pencil of planes and a 
point is a sheaf of planes, we agree to mean, by saying that a line or a 
point lies in, or is contained in, a plane quadric, that all of the planes 
through it belong to the quadric. The duals of Theorems 1, 2 may 
then be stated as follows. 

Theorem 10. A straight line either has two planes in common with a 
plane quadric or lies in the quadric. 

Theorem 11 . A point either has the planes of a cone of planes in 
common with a plane quadric or is contained in the quadric. 

The definitions and discussions of singular planes of a plane quadric 
and of singular plane quadrics we leave to the reader, lie will find: 

Theorem 12. A necessary and sufficient condition that a plane 
quadric be singular is that its discriminant vanish. It consists then of the 
planes of a line conic; the conic is a nondegencratc conic^ a pair of distinct 
points^ or a doubly counting point, according as the rank of the quadric is 
three, two, or one. 

A tangent line to a nonsingular plane quadric is a line which has in 
common with the plane quadric a single (doubly counting) plane or 
lies in the quadric. It is said to be tangent to the quadric in each plane 
which it has in common with the quadric. 

Theorem 13. The tangent lines to a nonsingular plane quadric in a 
given plane of the quadric form a pencil of lines. 

The vertex of the pencil is known as the contact point in the given 
plane. 

Theorem 14. The equation of the contact point in the plane r of the 
nonsingular plane quadric (4) is 

( 5 ) ~ 0 . 

Theorem 15. A necessary and sufficient condition that the point z be 
a contact point of the nonsingular plane quadric (4) is that 

(6) ^BxjXiXj = 0, Btj = Bji, 0. 

/ 

Nonsingular Quadrics. From Theorems 9 and 15 we conclude 

Theorem 16. The nonsingular point quadrics and the nonsingular 
plane quadrics correspond in pairs. If Q is the point quadric and Q' the 
plane quadric of a pair, the tangent planes of Q are the planes of Q' and 
the context points of Q' are the points of Q. 
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Thus, the configurations obtained by adjoining to the nonsingular 
point quadrics their tangent planes and those obtained by adjoining 
to the nonsingular plane quadrics their contact points are identical. 
We shall call them nonsingular quadrics. 

If (1) is the equation satisfied by the coordinates of the points of a 
nonsingular quadric, then (3) is the equation satisfied by the coordi- 
nates of the planes of the quadric. Or, if (4) is the equation of the 
quadric in plane coordinates, (6) is its equation in point coordinates. 

The Rulings of a Nonsingular Quadric, From the definition of a 
tangent line to a point (plane) quadric, it is evident that, if two distinct 
points (planes) of a tangent line to a nonsiiigular quadric belong to the 
quadric, all the points (planes) of the line belong to the quadric. But, 
if two distinct points of a tangent line lie on a quadric, the tangent 
planes at these points are two distinct planes (Th. S) passing through 
the line and belonging to the quadric, and vice versa. lienee: 

Theorem 17. // all the points of a line lie on a nonsingular quadric^ 

all the planes through the line belong to the quadric, and conversely, 

A line all of whose points or all of whose planes belong to the quadric 
is known as a ruling of the quadric. 

Theorem 18 . Two distinct rulings lie in each plane, and two distinct 
rulings pass through each point, of a nonsingular quadric. 

It suffices to demonstrate the second of the two contentions. Let r 
be a point of the quadric and L a line not through r lying in the tangent 
plane at r. The rulings through r are the lines joining r to the points 
in which L intersects the quadric. These are the points a; = X s + /i f 
for which 

xS j “}“ 2i X/i. it 1 ~|“ 'y .. ailt d 1 ~~~ 


where 6f and t are two distinct points on L. 

^ We may assume that s is a point of intersection 

\ . of L with the quadric: = 0. Then the 

expression J^aijSitj is not zero; for, if it were 
\ zero, the tangent plane at s would contain the 

\# ixfint t and hence coincide with the tangent 

\ plane at r, since in any case it contains the ruling 
Fig 3 joining r to s (Fig. 3). 

Inasmuch as ^OijSiSj = 0 and ^aijSttj 9 ^ 0 , L 
intersects the quadric in two distinct points and there are two distinct 
rulings through r. Thus the theorem is proved. 
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Denote by Lo, Af© the two rulings which pass through a given point 
Po and hence lie in the tangent plane p© at P©, and consider the rulings 
M which meet L© and the rulings L which meet Af© (Fig. 4). These 
two families of rulings exhaust all the 
rulings; for, an arbitrary ruling, other than 
L© and Af©, must intersect p© in a point of 
the quadric, that is, in a point on L© or Af©. 

The two families of rulings are mutually 
exclusive, since, if they had a line in common, 
there would be three rulings in p© or three 
rulings through P©. 

Two rulings of the same family are skew lines. For, if ATi, Mi, for 
example, intersected, the tangent planes at Pi, P 2 would be identical. 

Two rulings of opposite families always intersect. The rulings 
A/i, Li lie respectively in the tangent planes at Pj, Q\ and intersect on 
the line common to these planes, since otherwise this line would con- 
tain three distinct i)oints of the quadric. 

It follows that each family consists of all the rulings which intersect a 
ruling of the other family. Thus, our definition of the two families is 
independent of the particular rulings L©, Af© originally chosen. 

The families of rulings arc known as the reguU of the quadric, and 
each regulus is said to be conjugate to the other. 

Theorem 19. 7' here is one ruling of each rf'gulus in each 'plane, and 

one ruling of each regulus through each point, of the quadric. Two rulings 
are skew or intersecting lines according as they do, or do not, belong to the 
same regulus. 

The points and planes of the rulings of cither regulus exhaust just 
once the points and planes of the quadric. 

EXERCISES 

1. Show that a piano always intersects a nonsingular point quadric in a 
point conic and that the conic is nondegenerate or consists of two rulings ac- 
cording as the plane is not, or is, a tangent plane. 

2. State and prove the dual of the previous exorcise. 

3. Prove the following theorems: 

(a) Theorem 3; (h) Theorem 12; ' (c) Theorem 13. 

4. A skew quadrilateral may be defined as the configuratii)n obtained by 
suppressing two opposite edges of a tetrahedron. Show that there exist 00 * 
skew quadrilaterals which lie on a given nonsingular quadric, that is, whose 
edges, vertices, and faces are respectively rulings, points, and planes of the 
quadric. 
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5. Prove that each diagonal of a skew quadrilateral on a nonsingular quadrie 
contains the contact i>oints of the faces through the other diagonal and lies in 
the tangent planes at the vertices on the other diagonal. 

6. Show that there is a unique skew quadrilateral on a given nonsingular 
quadric which has a given line not tangent to the quadric as a diagonal. 

7. Prove that two points, one on each diagonal of a skew quadrilateral on a 
nonsingular quadric, are separated harmonically by the points in which their 
line meets the quadric, provided that neither point is a vertex of the quadri- 
lateral. 

8 . Two point conics lying in different planes are tangent to the line of 
intersection of the two planes at the same point. How many point quadrics arc 
there which contain both conics? 

9. The previous exercise, when the two conics meet the line of intersection 
of the two planes in the same points. 

10. The bilinear forms 

^CUjXty jy Otj — djiy ^hijXty jy hij = 

are known as the polar forms of the quadratic forms 

XaijXiXj, Uij = XhijXyXiy hi = hi. 

Show that if the quadratic forms, set equal to zero, represent the same non- 
singular quadric, the polar forms, equated to zero, represent the same involu- 
tory correlation. 

9. The Polar System of a Quadric. In Ch. XIV we developed, 
on its own merits, the relation of pole and polar with respect to a non- 
degenerate conic, only to find afterwards that we were dealing simply 
with an involutory correlation. J^ct us here reverse the process and 
define, as the polar system of a given nonsingular quadric, the involu- 
tory correlation which is associated with the quadric, in the sense of 
§ 8, Ex. 10. 

General Properties, In an involutory correlation, the points and 
planes of space, and also the lines of space, correspond in pairs. For, 
any correlation carries a point into a plane, a plane into a point, and a 
line into a line, and an involutory correlation, since it is its own inverse, 
interchanges the elements of space in pairs. 

Two elements paired by the polar system of the given quadric are 
known as polar elements with respect to the quadric. A point and a 
plane which correspond arc referred to as pole and polar, and two cor- 
responding lines are called polar lines, 

Theoeem 1. If the first of two elements is in united position with the 
polar element of the second, ttie second element is in united position with 
the polar element of the first. 
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Let the two elements be E\, E2 and their polar elements, Ej, Ej. 
We are to show that, if Ei and E2 have united position, Et and £i also 
have united position. We remark, to begin with, that every correla- 
tion preserves united position. Hence, since Ei and E% have united 
position, ^ and the polar element of have united position. But the 
polar element of E2 is JS^2, since our correlation is involutory. There- 
fore, E\ and E2 have united position, and the theorem is proved. 

Definition. Two elements each of which has united position with 
the polar element of the other are said to he conjugate elemenis with respect 
to the quadric. 

We paraphrase the definition in two important cases. 

Two points each of which lies Two planes each of which con- 
in the polar plane of the other are tains the pole of the other are 
conjugate points, conjugate planes. 

As an immediate consequence of these definitions, we have 

Theorem 2 a. The points con- Theorem 2 b. The planes con- 

jugate to a given point are the points jugate to a given plane arc the planes 
of the polar plane of the given point, through the pole of the given plane. 

The polar of a line is the line of iuterscction of the polar pknes of 
two points on the line, or the line joining the poles of two planes 
through the line. Hence: 

Theorem 3 a. The points con- Theorem 3 b. The planes con- 
jugate to two given points and hence jugate to two given planes and hence 

10 all the points of their line are the to all the planes through their line 

points of the polar line. are the planes through the polar line. 

Specific Description. The foregoing general properties of a polar 
system may well be called the involutory properties of the system, for 
they depend only on the fact that the polar system is its own inverse. 
We shall now write the actual equations of the system and deduce from 
them its geometric relations to the quadric. 

If the equations in associated point and plane coordinates of the 
given nonsingular quadric are respectively* 

(1) ^a,%jXxXj = 0, a,/ = a/t, ^hijU^Uj = 0, 

the bilinear equations in point and plane coordinates of the polar 

* According as the first or second of the equations (1) is thought of as the 
one originaily given, *= XA^,, X 5 *^ 0 or o,, = ^ 0 . 
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system are (§8, Ex. 10) 

(2) = 0i = 0. 

Theorem 4 a. The polar of the Theorem 4 b. The pole of the 
point r with respect to (1) is the plane r with respect to (1) is the 
plane point 

(3 a) ^aifTiXj = 0. (3 h) = 0. 

It follows that a point on the quadric and the tangent plane at the 
point are pole and polar. 

Theorem 5 a. The two points Theorem 5 b. The two planes 
r, s are conjugate with respect to {\) r, s are conjugate with respect to (1) 
if and only if if and only if 

iSj = 0 . ~ 0 . 

In particular, a point or a plane is self -con jugate when and only 
when it belongs to the quadric. 

Theorem 6 a. Two point,% Theorem 6 h. Two planes^ 
neither of which is on the quadric^ neither of which belongs to the quad- 
are conjugate if and only if they ricy are conjugate if and only if they 
separate harmonically the points separate harmonically the planes 
which their line has in common which their line has in common 
with the quadric. Two points, the with the quadric. Two planes, the 
first of which is on the quadric, are first of v)hich belongs to the quadric, 
conjugate when and only when the are conjugate when and only when 
second lies in the tangent plane at the second contains the contact 
the first. point of the first. 

Consider, now, a point P and a plane p which are pole and polar and 
do not belong to the quadric. The plane p has in common with the 
quadric a nondegenerate conic c and the point P has in common with 
the quadric a nondegenerate cone C( § 8, Exs. 1, 2). A tangent plane 
to the quadric at a point of the conic c is conjugate to p (Th. 6 b), and 
therefore goes through P and is a plane of the cone C. Dually, the 
point of contact with the quadric of a plane of the cone C is conjugate 
to P (Th. 6 a), and so lies in p and is a point of the conic c. Hence, the 
points of contact with the quadric of the planes of C are the points of c 
and the tangent planes to the quadric at the points of c are the planes 
of C. 
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We shall call c the conic of contact of the cone C, and shall describe 
C as the cone enveloping the quadric along the conic c. 


Theorem 7 a. The polar of a 
point not on the quadric is the plane 
of the conic of contact of the cone 
which the quadric subtends ai the 
point. The polar of a point on the 
quadric is the tangent plane ai the 
point 


Theorem 7 b. The pole of a 
plane not belonging to the quadric is 
the vertex of the cone enveloping the 
quadric aJo7ig the conic in which the 
plane intersects the quadric. The 
pole of a plane belonging to the 
quadric is the contact point of the 
plane. 


We leave it to the reader to establish the following facts concerning 
polar lines. 

Theorem 8. A ruling of the quadric is self-polar^ two tangent lines 
{neither a ruling) which have the same point of contact and separate 
harmonically the rulings through the point are polars of one another, and 
two noniangent lines which are the diagonals of a skew quadrilateral on 
the quadric arc mutually polar. 


According to the definition of conjugate elements, two lines each of 
which intersects the polar of the other are conjugate lines. Tn par- 
ticular, a line is self-conjugate when it intersects its own polar and 
hence, by Th. 8, when it is a tangent line. 

Theorem 0. The self -con jugate points, the self-conjugate planes, and 
the self-conjugate lines are the points, the planes, and the tangent lines of 
the quadric. 

It is worth while noting that two polar lines constitute a special 
case of two conjugate lines, and that a self-polar line, that is, a ruling, 
is a special case of a self-conjugate line. 

Self-Conjugate Tetrahedra. A tetrahedron is self- conjugate if each 
vertex and the opposite face are pole and polar. 

Theorem 10. There are <»® tetrahedra which are self -conjugate with 
respect to the given quadric. 

The proof is similar to that for the corresponding theorem for conics. 

Theorem 11 . A necessary and sufficient condition that a tetrahedron 
he self-conjugate is that each two vertices, or each two faces, or each tvjo 
edges, be conjugate, or that each two opposite edges he polar lines. 

We leave the proof to the reader. 
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Projective Classification of Nonsingvlar Quadrics. By introducing 
new associated point and plane coordinates referred to a self-conjugate 
tetrahedron as tetrahedron of reference, and to a properly chosen point 
and plane as unit point and unit plane, equations (1) of our quadric 
may be reduced simultaneously to the forms 

(4) x\ x\ x\ x\ = 0, -j- ui -f- ws + = 0. 

Theorem 12. Each two nonsingular quadrics are equivalent with 
respect to the group of complex colUneations. 

Thus, in complex projective geometry, all nonsingular quadrics are 
of the same type. On the other hand, in real projective geometry 
there are three types of nonsingular quadrics, corresponding to the 
three canonical point equations 

x\ x\ xl x\ = 0, 

(5) x\ x\ x\ — x\ 0, 
xl + xl xl — xl — 0. 

A quadric of the first type is without a real trace and hence has im- 
aginary rulings, one of the second type has a real trace but imaginary 
rulings, and one of the third type has both a real trace and real rulings. 

EXERCISES 

1. Show that the cross ratios of four points on a ruling are equal to the cross 
ratios of the tangent planes at the four points. 

2. Prove Theorem 8. Show that, if a ruling intersects one of two polar lines, 
it intersects the otlier. 

3. Two lines are polar if and only if there exist at least two points on the 
one whose polar planes contain the other. Show that two lines are conjugate 
if and only if there exists at least one point on the one whose polar plane con- 
tains the other. State the corresponding properties for a self-conj agate line 
and a self-polar line. 

4. How many lines are there conjugate to a given line? Show that the lines 
of a pencil of lines whose vertex and plane do not belong to the quadric are 
conjugate in pairs, and that the pairs form an involution. 

5. Show that, if a point and a plane are conjugate, they are pole and polar. 

6. The lines conjugate to a given point are the lines in its polar plane, the 
lines conjugate to a given plane are the lines through its pole, and the points and 
planes conjugate to a given line are the points and planes of its polar line. 
Establish these propositions. 

7. Show that the planes and lines through a point are conjugate in pairs, 
provided the point is not on the quadric. State the dual. 
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& Prove thftt the polar system with respect to the quadric establishes in a 
plane the x)olar system with respect to the conic in which the plane intersects 
the quadric. State the dual. 

Note that, if a point and a line are conjugate with respect to a nondegen- 
erate conic, they are pole and polar; see Ex. 5. 

9* Establish directly the theorem: The elements conjugate to a given 
element are the elements in umted position with its polar element. 

10 . Prove Theorem 11 . 

11 . Show that a triangle which is self-con jugate with resi^ect to the conic in 
which its plane meets the quadric determines with the pole of the plane a self- 
conjugate tetrahedron, provided the plane does not belong to the quadric. 

12 . Verify the classification of real quadrics with respect to real collineations. 

13. A nonsingular quadric is referred to a tetrahedron consisting of a skew 
quadrilateral on the quadric and its diagonals, as tetrahedron of reference, and 
to a point on the quadric as imit point. Show that, if the diagonals of the 
quadrilateral are the edges A 2 A 3 , A\Aa of the tetrahedron, the equation in point 
coordinates of the quadric is 

= XxXa. 

What is its equation in the associated plane coordinates? 

10. Afifine and Metric Properties of Quadrics. The affine properties 
of a nonsingular quadric bear on the relationship of the quadric to the 
fixed plane, the plane at infinity, of affine geometry. 

According as the quadric is, or is not, tangent to the plane at infin- 
ity, it is known as a paraboloid or a central quadric. 

Characteristic of a center, that is, a point of symmetry, of a quadric 
is that it be a finite point conjugate to every point at infinity. Hence: 

Theorem 1. A central quadric has one and only one center, the pole 
of the plane at infinity. A paraboloid has no center. 

The finite planes which are tangent to a quadric at its points at 
infinity form a cone of planes, which is culled the asymptotic cone. In 
the case of a central quadric, the asymptotic cone is the nondogoncrate 
cone which the quadric subtends at its center. The asymptotic cone 
of a paraboloid is degenerate. 

The finite lines and planes which pass through the pole of the plane 
at infinity are known respectively as the diameters and diametral planes 
of the quadric. The discussion of their properties Xve leave to the 
reader (Exs. 3-5). 

Affine Classification. In affine geometry, we are restricted to tetra- 
hedra of reference which have the plane at infinity as their common 
fourth face, = 0. The corresponding coordinates are called affine 
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coordinates. In particular, affine point coordinates are simply oblique 
Cai-tesian coordinates ; see Ch. XI, § 4 . 

A permissible tetrahedron of reference which is self-conjugate with 
respect to a given central quadric is determined by the center A4 of 
the quadric and a triangle A1A2A3 at infinity which is self-conjugate 
with respect to the conic at infinity on the quadric. The equation in 
point coordinates of the quadric, referred to this tetrahedron, is re- 
ducible to the form 

(1) xl -{■ x\ + x\ x\ — 0 

by a suitable choice of the unit point. 

There is no permissible tetrahedron of reference which is self- 
conjugate with respect to a paraboloid. However, a tetrahedron 
well suited to our purpose is obtained by taking as the vertices Ai, A2 
two conjugate points at infinity (neither self-conjugate), as A3 the 
contact point of the plane at infinity, and as A4 the contact point of 
the finite tangent plane through the line A1A2. The vertices A3, A4 
of this tetrahedron are on the paraboloid and each two vertices, except 
A3, A4, arc conjugate. Hence, in our equation of the paraboloid in 
point coordinates, all the coefficients are zero except an, 0^2 and a34, 
043. By a proper choice of the unit point, it is possible to reduce the 
equation to the form 

( 2 ) xi + ^2= 2 X5X4. 

Theorem 2. In complex affin-e geometry there is just one type of 
central quadric and one type of paraboloid. 

The classification of real nonsingular quadrics with respect to real 
affine transformations yields four types of central quadrics and two 
types of paraboloids. The central quadrics fall immediately into the 
ellipsoids and tlic hyperhoLoids, according as their conics at infinity have 
not, or have, real traces, and it turns out that there are two types of 
ellipsoids and two types of hyperboloids. Canonical point equations, 
written in nonhomogeneous affine coordinates, are 

x'2. ^ ^ 2:2 -b 1 = 0: ellipsoid without a real trace; 

(%\ x^ -\~ A- ^ = 0: ellipsoid with a real trace; 

+ 2/^ — 2:^ + 1 = 0: hyperboloid without real rulings; 

^2 2/2 — 2-2 __ 1 = 0 ; hyperboloid with real rulings. 

A paraboloid is either elliptic or hyperbolic j according as its rulings at 
infinity are conjugate-imaginary or real. There is only one type of 
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elliptic paraboloid and one type of hyperbolic paraboloid: 

X® + 2/® = 22: paraboloid without real rulings; 

X* — 2/® = 2 2: paraboloid with real rulings. 

Metric Properties and Classification. We have to do here with the 
relationship of the quadric to the absolute conic. We shall restrict 
ourselves to real quadrics and be content with the discussion of the 
general case of a real central quadric whose conic at infinity intersects 
the absolute in four distinct points. In this case there is a unique 
triangle A1A2AZ in the plane at infinity which is self-con jugate with 
respect to both the absolute and the conic at infinity on the quadric. 
This triangle and the center A^ of the quadric determine a real tetra- 
hedron A1A2A3A4 which is self-conjugate with respect to the quadric. 
Furthermore, the finite edges (faces) of the tetrahedron are mutually 
perpendicular (§ 7 , Th. 8). The tetrahedron may, then, be employed 
as the tetrahedron of reference for a system of rectangular Cartesian 
point coordinates. The equation of the quadric in these coordinates 
is of the form 

( 5 ) 0 X 2 4 - C 22 = 1 , 

where a, h, c arc real numbers, no two equal and no one zero. 

The finite edges and the finite faces of the tetrahedron AxA^AzAa, 
since they are mutually perpendicular and conjugate in pairs, are 
respectively axes, that is, lines of symmetry, and principal planes, that 
is, planes of symmetry, of the (luadric. Moreover, because of the 
unicpiencss of the triangle A1A2A3, they are the only axes and principal 
planes. 

Theorem 3. A real central quadric has, in general, three axes and 
three principal planes. They are the edges and the faces of a rectangular 
trihedral whose vertex is the center of the quad? ic. 

We conclude with a discussion of the circles on the general quadric. 
A section of the quadric by a plane is a circle only when its points at 
infinity are points of the absolute. But these points are in any case 
points of the conic at infinity on the quadric. Hence a (finite) plane 
cuts the quadric in a circle if and only if its line at infinity is a common 
chord of the absolute conic and the conic at infinity on the quadric. 
Since, by hypothesis, these two conics have four distinct points of 
intersection which are conjugate-imaginary in pairs, they have six 
distinct common chords, two of which are real. Thus: 
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Thbobem 4. There exist in general six distinct pencils of paraUd 
planes which intersect a real quadric in circles. The circular sections hy 
the planes of two of the pencils are real. 

The relationship of the six pencils of planes to the three principal 
planes follows readily from the relationship of the common chords of 
the two conics to their common self-conjugate triangle. 

EXERCISES 

1* Show that every section of a central quadric by a plane not parallel to, 
or coincident with, a plane of the asymptotic cone is a central conic. What is 
the section by a plane parallel to a plane of the asymptotic cone? The section 
by a plane of the asymptotic cone? 

2. Discuss the plane sections of a paraboloid. 

3. Prove that there is a unique diametral plane of a central quadric which 
is conjugate to a given diameter, and that the line at infinity in the plane and 
the point at infinity on the diameter are polar and pole with respect to the conic 
at infinity on the quadric. Discuss conjugate diametral planes and conjugate 
diameters. 

4 . The locus of the mid-points of the chords of a central quadric which are 
parallel to a given diameter is the conjugate diametral plane, and the locus of 
the centers of the sections of the quadric byplane,8 parallel to a given diametral 
plane is the conjugate diameter. Show that these theorems are true in general, 
and determine the exceptions. 

5. State and prove the theorems for a paraboloid which are analogous to 
those of Ex. 4 for a central quadric. 

6. A cylinder is defined as a cone whose vertex is a point at infinity. When 
will the cone which envelopes a quadric along a given conic be a cylinder? 

7. Verify the fact that in real affine geometry there arc six types of real 
nonsingular quadrics. 

8 . Prove that a line is an axis of a nonsingular quadric if and only if it is a 
diameter and is i)erpendicular to a plane conjugate to it. State and prove 
similar conditions that a plane be a principal plane. 

9. Give a complete classification of real central quadrics w'ith respect to 
real rigid motions. Determine in each case the number of axes and principal 
planes and the number of circles on the quadric, including circles in isotropic 
planes; see Exs. 13, 14, 

10 . The preceding exercise for paraboloids, 

11. In real affine geometry, there are tliree general types of cylinders, the 
elliptic, parabolic, and hyperbolic. Are there not, then, three general types of 
cones? 

12. By the methods f)f the text find the vertex, axis, and principal planes of 
the hyperbolic paraboloid 

X® — ^ — 2 * + 2 1 / 2 - 1 - 2a; — 2/4-32-1-4 = 0. 
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13. A circle in an isotropic plane is defined as a point conic in the plant 
which is tangent to the line at infinity at the circular point at infinity. Show 
that the section of a sphere by an isotropic plane is a circle. Prove that there 
are ooi spheres through a given circle in an isotropic plane (see §8, Ex, 8), and 
show that the loci of their centers is a straight line. How is this line related 
to the isotropic plane? 

14. Locate the center of a nondegenerate circle in an isotropic plane, if the 
center is defined as the point of intersection of the plane and the line joining the 
pole of the plane, with resjiect to a nondegenerate sphere containing the circle, 
with the center of the sphere. 

11. Projective Generation of Quadrics. Projective Geometry on a 

Quadric. We return to the projective geometry of a complex non- 
singular quadric and take, as the equation in point coordinates of the 
quadric, 

( 1 ) X2Xz = X 1 X 4 . 

This is the form assumed by the point equation when the opposite 
edges A1A2, A3A4 and AiA^^ A0A4 of the tetrahedron of reference are 
arbitrarily chosen rulings of the quadric, two from each regulus, and 
the unit point lies on the quadric (§ 9, Ex. 13). 

Theorem 1 . The equations of the reguli of the quadric ( 1 ) are 

_ X2= UX4, o 3^3 = 2^ 

till tl2. 

X3 = .Ti, V X2= Xi, 

where u and v are parameters. 

The proof is left to the reader. In particular, the rulings AiA2t AiA4 
are the lines u = ^ , u = 0 of the regulus Rij and AiA8> A2A4 are the 
lines V = 00 , y = 0 of the regulus i?2. 

The two planes 

(2) X2 u X4, 3^1 u X3, 

which intersect in the general line L of Z2i, pass respectively through 
the rulings AiAg, A2A4 of R2. As L traces Ri, the planes generate the 
two pencils of planes with AiAs, A2^l4 as axes. Since corresponding 
planes (2) have the same projective coordinate u in their respective 
pencils, the two pencils are projective. Recalling that A1A3, A2A4 
were arbitrarily chosen rulings of /?2, we conclude ^ 

Theorem 2 . The lines of a regulus determine with two lines of the 
conjugate regulus projective pencils of planes. 

Theorem 3 . Corresponding planes of two projective pencil of planes 
with skew axes intersect in the lines of a regulus. The axes of the pencils 
belong to the conjugate regulus. 
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The latter theorem is true inasmuch as coordinates in space and in 
the pencils may be so chosen that the projective correspondence be- 
tween the two pencils is represented by equations (2). 

The pencil of planes p through A1A3 cuts ^2-44 in a range of points Q, 

and the pencil of planes q through A2A4 
cuts A1A3 in a range of points P (Fig. 5 ). 
Since the pencils p and q are projective, 
the ranges Q and P which are respec- 
tively perspective to them are projec- 
tive. But the lines PQ are the lines L 
of Ri. Thus: 

Theorem 4. The lines of a regulus 
cut two lines of the conjugate regulus in 
projective ranges of points. 

We give also the analytic proof. 
The ranges of points P, Q in which the 
lines L of Ri meet AiA^f A^Ai are 

(3) (u, 0, 1, 0). (0, 2/, 0, 1). 



Since for corresponding points u has the same value, the ranges are 
projective. 

Theorem 5. The lines joining corresponding points of two projective 
ranges of points lying on skew lines are the lines of a regulus. The lines 
of the ranges belong to the conjugate regulus. 

The method of proof is the same as that for Theorem 3 . 

Theorem 6. There is one and only one regulus which contains three 
given mutually skew lines. 


Let the three given lines be Lo, I/3, and let Mi, M2 be two arbi- 
trarily chosen lines which intersect Li, L2, Ls, in the points Ai, Pi, Ci 
and A2, P2, C2. Establish the projective 
correspondence between the ranges of points 
on Ml, Mi determined by the three pairs 
o f corresponding points A 1 i — > A 2, 

Bi < — » P2, Cl < — > Ci. The lines joining 
corresponding points of the two ranges are, 
by Th. 5 , the lines of a regulus, Pi, which contains Li, L2, Ls. 

Suppose that R[ is a second regulus to which Li, Li, Lz belong. 
Then Mi, Mi belong to the regulus conjugate to Pi, since each has 
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three distinct points in common with the quadric determined by fii. 
Hence, by Th. 4 , the lines of Hi cut Mi, M2 in two projective ranges ot 
points for which Ai < — > A 2, Bi < — > Z?2, Ci < — > C2 are pairs of corre- 
sponding points. Thus, R\ answers to the same description as R\ and 
coincides with Ri. The theorem is, then, established. 

Since the lines Mi, M2 were arbitrary lines intersecting Li, Z/2, Ls, 
every line intersecting Li, L2, belongs to the regulus R2 conjugate to 
Ri. Conversely, every line of R2 intersects L], La, L3. Hence: 

Theorem 7 , The lines which intersect three given mutuallij skew lines 
are the lines of a regulus. The three given lines belong to the conjugate 
regulus. 

As a consequence of either Theorem 6 or 7 , we have 

Theorem 8. There is a unique nonsingular quadric having three 
given mutually slcev) lines as rulings. 

Tn?]OREM 9 . There is a unique nonsingular quadric containing a 
given shew quadrilateral and a point not lying in a face of the tetrahedron 
determined by the quadrilateral. 

Theorem 9 may be established directly, or by means of Theorem 8. 

Projective Geometry in a Regulus. A regulus is a onc-dimensioiml 
fundamental form of the second order and, like the previous forms of 
this description,* possesses the usual one-dimensional projective ge- 
ojiietry. 

The cross ratio (L1L2, L3L4) of four distinct lines of a regulus R\ is 
defined as the cross ratio {PJ\ PzPa) of the four points in wlxich the 
lines intersect a ruling M of the conjugate regulus R^^ or as the cross 
ratio (P1P2, PaP-i) of the four planes which the lines determine with M. 
Since pi, p2, p3, are the tangent i)lanes at Lj, P2, Pa to the quadric 
determined by /fi, the cross ratios (PiP^j PaP a) and (pi/)2, Jhiu) are actu- 
ally equal (§ 9, Ex. 1 ). That they arc independent of the particular 
ruling, M, chosen from R2 is clear from Theorems 2 , 4 . 

A cross ratio of four lines of our regulus /f 1, expressed analytically in 
terms of the values of u for the four lines, evidently has its customary 
form. Hence, the parameter u, which we have already recognized as a 
projective coordinate in the pencils of planes (2) and the ranges of 

* These are: the points of a nondegenerate conic, the lines of a nondegenerate 
conic (Ch. XV, § 9 ) and their si>ace duals, the planes of a nondegenerate cone 
and the lines of a nondegenerate cone; the regulus completes the list. 
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points (3)^ is also a projective coordinate in the regulus iZi. Similarly, 
V IB a, projective coordinate in the regulus R2. 

The corresponding homogeneous coordinates (wi, t^) and (wi, V2) are 
obtained in the usual way by setting 


(4) 


Wl 

— = w, 

U2 


V2 


= V. 


The theory of projective transformations of a one-dimensional form 
into itself, or into a second one-dimensional form, applies without 
change to reguli. Thus the pairs of equations 


pui = aiUi + U2W2, 

PU2 = biUi + h2U2t 


\ab\9^ 0, 


pv'l = CiMi + CiV^, I ,1 , rt 

' j I j c o 0, 

pv2 = diU\ -f- dzUzy 


represent, respectively, the general projective transformations of the 
regulus 7^1 into itself and into the regulus The first pair of equa- 
tions may also be interpreted as a change to new projective coordi- 
nates in Ri, 


Projective Geometry on a Quadric. Through a given point x of the 
quadric (1) there passes a unique ruling (t/i, U2) and a unique ruling 
(t^i, V2). Conversely, two given rulings (^i, W2), {vi, Vn) determine a 
unique point x of the quadric. Thus thcTe is a perfect one-to-one 
correspondence between the points x of the quadric and the pairs of 
rulings (wi, W2), {vi, V2). 

The equations of the correspondence may be obtained by solving the 
equations of Theorem 1, after introducing the homogeneous parameters 

(4) , for x\ : X2\ Xz \ X4 or for Ui : uz and Vi : r2. They turn out to be 

(5) pX\ = MiVi, pX2 = U 1 V 2 , pXz = U2V\^ pXi = tt2V2j 

( 6 ) Ui : U2 = xi : xz = X2 : X4, Vi : V2 = X\ : X2 = Xz : X4. 

Since to a given point of the quadric there correspond unique ratios 

: U2t vi : V2j neither 0, 0, and conversely, (wi, U2; vi, V2) constitute 
mixed homogeneous coordinates for the points of the quadric. We 
shall call them homogeneous projective point coordinates for the 
quadric.* 

* In the corresponding system of nonhomogeneous coordinates (w, v), the 
points of the rulings A1A2: u — « and A1A3 : v = 00 which pass through .^li 
are the “ infinite points,” that is, the points which, strictly speaking, have 
no coordinates. In light of this fact, let the reader compare the mixed homo- 
geneous projective coordinates for the points of the quadric (1) with the mixed 
homogeneous isotropic coordinates of Ch. XVIII, § 18 for the points of th^ 
complex inversive plane. 
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Equations (5) may be thought of as constituting the paraiffietfic 
sentation of the quadric (1) in terms of the coordinates (iti, Vi, Vt) 
on the quadric, or as representing the change from these coordinates 
to the space coordinates (xi, xj, X 4 ), 

Theorem 10. The equation in the coordinates on the quadric of the 
conic in which the plane (fl | a;) = 0 intersects the quadric is 

( 7 ) a\UiVi + a 2 U\V 2 + < 131 ^ 2^1 + a^u^v^ = 0 . 

Conversely, every equation bilinear in ui, u^ and v\, v^, not all of whose 
coefficients are zero, represents a conic on the quadric. 

The result of carrying out simultaneously a projective transforma- 
tion of the rulings of Ri into the rulings of Ri and a projective trans- 
formation of the rulings of R 2 into the rulings of R 2 is a transformation 

(8 a) I a 1 5^ 0, 

pU2 = hiUi + ^2^2, <rv2 = d\V\ + ^ 2 ^ 2 , | c d | ?^ 0, 


of the points of the quadric into themselves. Similarly, the trans- 
formation 


(8 6 ) 


pvv = a\Ui + 0-2^2, (Tu[ = c\Vi + C 2 V 2 , I a 6 1 5*^ 0, 

pVi = biUi + 62W2, au 2 = diVi + d 2 V 2 i |c d] 5^ 0, 


which is the result of simultaneous projective transformations of the 
rulings of Ri into those of R 2 and the rulings of R 2 into those of Ei, 
is also a transformation of the points of the quadric into themselves. 


Theorem 11. A collineation of space which leaves the quadric in 
place establishes on the quadric a transformation (8 a) or (8 6). Con^ 
versely, there exists a unique collineation of space which carries the quadric 
into itself and establishes on it a given transformation (8 a) or (8 6). 


A collineation which carries the quadric into itself carries skew lines 
on the quadric into skew lines on the quadric and hence transforms each 
regulus of the quadric into itself or into the opposite regulus. Since 
these transformations of the reguli are necessarily projective, the 
transformation of the points of the quadric is of the form (8 a) or (8 6). 

Conversely, let T be a transformation on the quadric which we as- 
sume, to be explicit, to be of type (8 a), and let Ti and T 2 be respectively 
the component projective transformations of the reguli Ri and E 2 . 
Think of 7\ as determined by three distinct rulings Li, L 2 , Ls of Ri and 
their transforms Li, Li, Lj, and of T 2 as similarly determined by 
Afi < — > Ml, Mi < — > Mi, Ms i — > Mi. Form the skew quadrilateral de- 
termined by Li, L2, Ml, M2 and the corresponding skew quadrilateral 
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determined by L\, Li, Mi, Mi; and mark the point P of intersection of 
Ls, Ma and the point P' of intersection of Li, Mi. There exists a unique 
collineation of space which carries P and the four vertices of the first 
quadrilateral respectively into P' and the corresponding four vertices 
of the second quadrilateral. By Th. 9, this collineation carries the 
quadric into itself. It obviously carries Li, La, Mi, M2, into Li, Li, 
Mi, Mi, and, since L3, M3 are the rulings of the quadric through P and 
7/3, Mi those through P', it carries L3, M3 into Li, Mi. The projective 
transformations of the reguli Pi, P2 established by it are, then, Ti and 
T2. Thereforp the transformation of the points of the quadric which 
is established by it is the given transformation T, 

The theorem justifies us in defining the transformations (8 a) and 
(8 b) as the projective transformations of the quadric into itself. 

Theorem 12. The group of projective iranfiformatious of a quadric 
into itself consists of 2*oo6 iransforynations, namely y the group of 
transformations (8 a), each of which carries each of the two reguli on the 
quadric into itself, and the set of transformations (8 6), each of which 
interchanges the two reguli. 

According to Theorem 11, there is a onoto-one correspondence 
between the transformations (8 a), (8 6) and the collineations in space 
which carry the quadric into itself. 

Theorem 13. There are 2 • oo** collineations of space which have fixed 
a given nonsingular quadric surface. 

EXERCISES 

1 . Establish Theorems 2, 4 by use of § 9, Ex. 1. 

2. Prove Theorem 9 by both the methods suggested in the text. 

3. Show that there is a unique nonsingular quadric wliich contains two 
given skew lines and passes through three given points no two of which are 
coplanar with either of the given lines. 

4. Count the number gf quadrics in space, assuming that the general quad- 
ric is determined (a) as in Theorem 8, (6) as in Theorem 9, (c) as in the previous 
exercise. 

5. How many lines are there which intersect each of four mutually skew 
lines? Discuss all possibilities. 

6. Find the condition in terms of the a’s that the conic (7) be degenerate. 
Hence write the equation in plane coordinates of the quadric (1). 

7. Characterize geometrically the involutory homologies and the skew in- 
volutions of space which leave a given nonsingular quadric in place. 
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8. Show that every nonsingular quadric is represented parametrically, in 
terms of homogeneous projective point coordinates on it, by equations of the 
form 

pXi — anUiVi + a^2UiV% aiiU2Vi anutv%y {i = 1, 2, 3, 4), |a<,| pS 0, 

and conversely. 

9. Deduce for the quadric 

+ Xi^ + xs* 4- aid* = 0 

the parametric representation 

Xi : i X 2 : Xi lixi = wii '2 + W2W1 : 1/1V2 — ihvi : mvi — U2V2 : UiVi + U2V2. 

10. Dualize the contents of the text, starting with the equation in plane 
coordinates of the quadric (1). 

11. Prove that a cross ratio of four rulings of a regulus on a quadric is equal 
to the corresponding cross ratio of the four points in wliich the rulings intersect a 
nondegenerate conic on the quadric. Hence show that the regulus meets two 
nondegenerate conics on the quadric in projective ranges of points. 

12. What special property have the rulings on a sphere? 

13. Show that a necessary and sufficient condition that a regulus lie on a 
paraboloid is that three and hence all of its finite rulings be parallel to a plane. 

14. Show that the corresponding segments which finite rulings of one regulus 
of a paraboloid intercept on two finite rulings of the conjugate regulus are pro- 
portional. 

12, Inversive Geometry on the Sphere. In this paragraph we 
propose to show, first, that the inversive geometry of the plane may 
be reproduced in all detail on the sphere and, secondly, that the result- 
ing inversive geometry on the sphere is identical with the projective 
geometry on the sphere. It will follow tliat the inversive geometry of 
the plane is abstractly identical with the projective geometry on any 
nonsingular quadric which has a real trace but is without real rulings. 

Stereographic Projection. The reproduction on the sphere of in- 
versive geometry in the plane is affected by means of a transformation 
of the plane of inversion into the sphere which is known as stcreographic 
projection. We shall first describe it as applying only to real points 
of the plane and sphere. 

Think of the plane as the equatorial plane of the sphere and, from 
the north pole N of the sphere as center, project the plane on the sphere. 
To each finite point P of the plane corresponds a unique point P', other 
than N, of the sphere, and conversely. When P recedes indefinitely, 
P' approaches JV as a limit. Accordingly, to N is ordered the point at 
infinity in the plane. 
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Theorem 1 a. Stereograpkic projection establishes between the real 
points of the plane of inversion and the real points of the sphere a con- 
tinuous correspondence which is one-to-one 
without exception. 

Taking the radius of the sphere as the 
unit of length, introduce rectangular co- 
ordinates (a;, ?/) and (f, rj, f) in the plane 
and in space respectively, as indicated in 
Fig. 7 . The equation of the sphere is 

+ ??* + r = 1. 

If P and P' have the coordinates (a;, y) 
and ({, t?, f), then, by similar triangles, 

X ^ OP OP ^ 1 

KP' 1 - f ’ 



so that 


y. 

V 


1 - f 

Hence we obtain, as the equations of the transformation of (f, t), f) 
into (x, y): 

(la) 


X = 




y = 


3-2 + = 


1 + f 


1-r " i-f i-f 

The equations of the inverse transformation are 

2y 


( 16 ) { = 


X* + y* + r ’ + 1 ' 

It is convenient to replace ({, 77, f) by homogeneous coordinates 
(xi, X2, Xs, X4) so chosen that the equation of the sphere takes the 
symmetric form 

(2) xi + + xb + X 4 = 0. 

This is accomplished by setting 


x^ + - 1 

^ x2 + 2/2 + 1 ' 




f = 


£l. 

i X4 


It is true that a real finite point does not possess real coordinates 
(xi, X2, xs, X4), but xi, X2, Xb may always be taken as real, with X4 as pure 
imaginary, so that the inconvenience is negligible. 
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The equations of the stereographic projection now become 


(3) 


pxi = 2 X, 


PX2 =*2 2/, 

pxz = x* 4- 2/® - 1, 

PXa = - i{x^ + 2/^ -h 1), 


X = 

y = 

X* + 1/* = 


Xs — i X4 
X2 

7“ > 

Xs — I X4 

Xa 4- I Xj 

Xs — ixi 


Stereographic Projection of the Complex Plane of Inversion, When 
(x, y) are replaced by (i^i, vf) where 

, . . U\ Vi 

u = x4-^2/, V — x — ly, — = u, - — V, 

U2 V2 

the first set of equations (3) becomes 


(4) xi : i X2 : Xs : i Xi = u\V2 -f v^vi : UiVo — UoVi :uiVi — : tiiVi 4 Wit's. 


We recall that (wi, Uz; t’l, Vz) are homogeneous isotropic coordinates 
for the complex plane of inversion (Ch. XVIII, § 18). On the other 
hand, we know that equations (4) constitute a complete parametric repre- 
sentation of the complex points of the sphere in terms of (wi, its; Vi, Vz) 
as homogeneous projective coordinates on the sphere (§11, Ex. 9). 
Hence, equations (4) represent a transformation of the invorsive plane 
into the sphere, which establishes between the complex points of the 
plane and the complex points of the sphere a perfect one-to-one cor- 
respondence. This transformation is the analytic extension, to all 
complex points of the inversive plane, of stereographic projection. 
Accordingly, we shall call it the stcreographic projection of the complex 
inversive plane on the sphere. That it actually represents the geo- 
metric process of projection for all finite complex points of the plane is 
readily verified.* 

Theorem 1 b. Stereographic projection establishes between the corn^ 
plex points of the inversive plane and the complex points of the sphere a 
continuous one4o-one correspondence. 

Theorem 2. The isotropic coordinates of a point in the plane and the 
projective coordinates of the corresponding point on the sphere are 
identical. 

* Since we cannot think of the complete complex plane of inversion, but only 
of its finite portion, as immersed in projective apace, the process of ster«)- 
graphic projection cannot be applied to the infinite points of the plane. 1 he 
fates of these points become, then, a matter of definition and they are fixed 
here by equations (4). 
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Properties of Stereographic Projection, Theorem 2 has a number of 
important consequences. In the first place, we recall that the equa- 
tions 

kiUi “1- k2U2 = 0, Zi^i “1“ I 2 V 2 — 0 

represent the two families of isotropic lines in the plane (Ch. XVIII, 
§ 18). They also represent the two families of rulings on the sphere. 
But the rulings on the sphere are isotropic lines. Hence: 

Theorem 3. Stereographic projection establishes a one-to-one cor- 
respondence between the isotropic lines in the plane and the isotropic lines 
on the sphere, ' 

In particular, to the isotropies at infinity in the plane correspond the 
isotropies through the north pole of the sphere. 

Theorem 4. Stereographic projection establishes a one-to-one cor- 
respondence between the circles in the plane and the circles on the sphere. 

For, the circles in the plane are represented by the equations which 
are bilinear in Wi, and Vi, V 2 ((>h. XVIII, § 18), and these equations 
also represent the circles on the sphere, considered as the curves in 
which the planes of space meet the sphere (§11). 

Theorem 5. Stereographic projection is conformal. 

The fact that the geometric process of stereographic projection 
carries the finite isotropic lines of the plane into isotropic lines on the 
sphere enables us to give a simple proof of the theorem. Let P be a 
finite point in the plane corresponding to a finite point P' on the 
sphere, and let Ci, C 2 be two curves in the plane intersecting in P and 
C5, C 2 the corresponding curves through P' on the sphere. Denote 
the tangent lines to Ci, C 2 at P by Ti, T 2 , and those of Cl, C 2 at P' by 
T[y T 2 ; the isotropic lines through P by / 1 , 72, and those through P' by 
71, 72. The lines P2, Ii , I2 lie in the tangent plane to the sphere at 
P', and the projection from N of this tangent plane on the plane of 
inversion evidently carries them into Pi, 7^, 7i, h. The cross ratios 
(PjPi, 7 I 72 ), {T 1 T 2 , IJ 2 ) are then equal, and therefore, by Laguerre’s 
definition of angle, the corresponding angles are equal. 

We have achieved our first aim. Theorems 1-5 imply that stereo- 
graphic projection carries the inversive geometry of the plane into 
precisely the same geometry on the sphere. Point goes into point, 
circle into circle, orthogonal circles into orthogonal circles, a pencil into 
a pencil (Ex. 3), and an orthogonal system into an orthogonal system. 



SPACE GEOMETRY 


456 


Moreover, when inversion and circular transformations are defined on 
the sphere as in the plane, inversion goes into inversion and circular 
transformations into circular transformations. 

On the sphere, all noridegenerate circles are obviously of one type; 
the distinction between proper circles and straight lines disappears 
completely. And, what is more important, all points arc on the same 
footing; no points play special idles. The truth of this we realized 
while still in the plane (Ch. XVIII, § 17, Th. 10, § IS), but it is brought 
out most strikingly on the sphere. The sphere is, in fact, the perfect 
e.xample of the inversive domain. 

Theorem 6. The circular transformations of the plane or the sphere 
are identical with the projective transformations of the sphere. 

For, equations (8 a), (Hh) of § 11 evidently represent the complex 
circular transformations of the plane or the sphere as well as the pro- 
jective transformations of the sphere. 

Herewith we have comj)leted the proof of our second contention. 

Theorem 7. The inversive geometry on the sphere is identical with 
the projective geometry on the sphere. 

The Inversive Geometry of the Sphere in its Relation to the Surrounding 
Projective Space. The transformation (3) carries the equation of a 
circle in the plane 

(o) ai{x^ 4“ y^) 4“ UiX 4" a^y + ^4 = 0 

into the equation of the plane of the corresponding circle on the sphere, 
namely 

(6) aiXi 4“ a2X2 4- 4- = 0 

where 

(7) Ui == 02, 02 = 08, 03 = ai — ttAy 04 = 'i(oi 4 - 04 ). 

It is to be noted that, if the r/'s arc real, Oi, a2, 03 are real and is 
pure imaginary or zero. 

If b' is a second circle in the plane and b the plane of the correspond- 
ing circle on the sphere, we readily establish, b}'' means of (7) and the 
corresponding relations between the fc^s and b s, the identities 

(8) (a|6) = (a', b'), (o|o) ^ (a', a'), 

where (a| a), (a|6) have their usual meanings and (a , a ) {a , b / are 
the symbols of Ch. XVIII, §§ 1, 6. 
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Properties of Stereographic Projection, Theorem 2 has a number of 
important consequences. In the first place, we recall that the equa- 
tions 

kiUi -f" JC2U2 — 0 , liVi -f- I2V2 = 0 

represent the two families of isotropic lines in the plane (Ch. XVIII, 
§ 18). They also represent the two families of rulings on the sphere. 
But the rulings on the sphere are isotropic lines. Hence: 

Theorem 3. Stereographic projection establishes a one-to-one cor- 
respondence between the isotropic lines in the plane and the isotropic lines 
on the sphere. 

In particular, to the isoia’opics at infinity in the plane correspond the 
isotropies through the north pole of the sphere. 

Theorem 4. Stereographic projection establishes a one-to-one cor- 
respondence between the circles in the plane and the circles on the sphere. 

For, the circles in the plane arc represented by the equations which 
are bilinear in u\, Ui and Wi, V 2 (Ch, XVIII, § 18), and these equations 
also represent the circles on the sphere, considered as the curves in 
which the planes of space meet the sphere (§ 11). 

Theorem 5. Stereographic projection is conformal. 

The fact that the geometric process of stereographic projection 
carries the finite isotropic lines of the plane into isotropic lines on the 
sphere enables us to give a simple proof of the theorem. Let P be a 
finite point in the plane corresponding to a finite point P' on the 
sphere, and let Ci, C 2 be two curves in the plane intersecting in P and 
Cij C 2 the corresponding curves through P' on the sphere. Denote 
the tangent lines to Ci, C 2 at P by Ti, T 2 , and those of Ci, C 2 at P' by 
Tiy Tz'y the isotropic lines through P by hjhy and those through P' by 
/i, I 2 . The lines Ti, Ts, /I, I 2 lie in the tangent plane to the sphere at 
P', and the projection from of this tangent plane on the plane of 
inversion evidently carries them into Pi, 7^2, /i, 1 2 . The cross ratios 
{T[T 2 y / 1 / 2 ), (TiT 2 f IJ 2 ) are then equal, and therefore, by Laguerre’s 
definition of angle, the corresponding angles are equal. 

We have achieved our first aim. Theorems 1-5 imply that stereo- 
graphic projection carries the inversive geometry of the plane into 
precisely the same geometry on the sphere. Point goes into point, 
circle into circle, orthogonal circles into orthogonal circles, a pencil into 
a pencil (Ex. 3), and an orthogonal system into an orthogonal system. 
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Moreover, when inversion and circular transformations are defined on 
the sphere as in the plane, inversion goes into inversion and circular 
transformations into circular transformations. 

On the sphere, all nondegeneratc circles are obviously of one type; 
the distinction between proper circles and straiglit lines disappears 
completely. And, what is more important, all points are on the same 
footing; no points play special rCles. The truth of this we realized 
while still in the plane (Ch. XVIII, § 17, Th. 10, § 18), but it is brought 
out most strikingly on tlie sphere. The sphere is, in fact, the perfect 
example of the inversivc domain. 

Theorem 6. The circular transformations of the 'plane or the sphere 
are identical with the projective transformations of the sphere- 

For, equations (8 a), (Sh) of § 11 evidently represent the complex 
circular transformations of the plane or the sphere as well as the pro- 
jective transformations of the sphere. 

Herewith we have completed the proof of our second contention. 
Theorem 7. The mversive geometry on the sphere is identical with 
the projective geometry on the sphere. 

The Inver sive Geometry of the Sphere in its Relation to the Surrounding 
Projective Space. The transformation (3) carries the equation of a 
circle in the plane 

(5) a[{x^ + 'if) + (i’2!X + azy + al — 0 

into the equation of the plane of the corresponding circle on the sphere, 
namely 

(0) a\Xi + a2X2 + azXz + a^x^ = 0 

where 

(7) ai = aj, 02 = 03 , 03 = (h — 04 = i(ai + 04 ). 

It is to be noted that, if the o'^s are real, oi, 02 , 03 are real and 04 is 
pure imaginary or zero. 

If b' is a second circle in the plane and b the plane of the correspond- 
ing circle on the sphere, we readily establish, by means of (7) and the 
corresponding relations between the 6’s and 6'^s, the identities 

(8) (o|6) s (a',6'), (fl|a) = (a',a'), 

where (a|fl), (o|6) have their usual meanings and (a', a') (o', b') are 
the symbols of Ch. XVIII, §§ 1, 6. 
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Thborbm 8. Two circles on the sphere are orthogonal if and only if 
their planes are conjugate vrith respect to the sphere. 

For, by (8), the condition (a', V) = 0 that the two circles be.orthog- 
onal is equivalent to the condition (a\h) — 0 that the two planes be 
conjugate with respect to the sphere (x\x) = 0. 

Theouem 9. A necessary and sufficient condition that two distinct 
points of the sphere he mutually inverse in a given circle on the sphere is 
that they be collinear with the pole of the plane of the circle. 

If Pi, P 2 are the given points, the line P 1 P 2 is the line of intersection 
of the planes of two circles Ci, Ci on the sphere which pass through Pi, 
P 2 . If Pi, Po are mutually inverse in a given circle C on the sphere, 
(7i, are by definition orthogonal to C, The planes of Ci, C-z are then 
conjugate to the plane m of C and so go through the pole M of this plane 
m. Hence their line of intersection P 1 P 2 passes through M, Con- 
versely, each two points Pi, P 2 of the sphere which are collinear with M 
are inverse in (7, for the argument may be reversed. 

Since the point M and the plane m are pole and polar, the points 
Pi, P 2 separate M and the intersection of their line with m harmonically. 
Hence, the inversion in the circle C is established by the involutory 
homology of space which has M as center and m as central plane. 

Theorem 10. The inversions on the sphere are established by the 
involutory homologies of space which leave the sphere in place. 

Theorem 11. The Moebitis involutions on the sphere are established 
by the skew involutions of space which carry the sphere into itself. 

The latter theorem is readily proved when it is recalled that a 
Moebius involution is the product of two inversions in mutually 
orthogonal circles (Ch. XVIII, § 17, Ex. 8). 

Lemma. A necessary and sufficient condition that the linear trans* 
formation 

(9) xi = OijXi, (i = 1, 2, 3, 4), A = I ffl*| 0, 

has (a: lx) as an absoliUe invariarU: (x'|x') = (x|x) is that its coefficients 
satisfy the relations 

(10) ^ al, = 1, S awotf =0, (i j, i,j = 1, 2, 3, 4). 

IIkI tael 

We leave the proof to the reader. Let him also establish, as a 
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ooDBequence of (10), the relation 
(11) A = zfc 1. 

The transformations (9) for which the relations (10) are valid are 
known in algebra as the quaternary orthogonal substitutions or linear 
transformations.* Those for which A = 1 are characterized as direct^ 
and those for which A = — 1, as indirect. The direct transformations 
form a group, whereas the indirect ones do not. 

The collineations (9) for which the relations (10) hold are the colline- 
ations which carry the sphere (x\x) = 0 into itself. Those which are 
direct carry each family of isotropies into itself and those which are 
indirect interchange the two families, as considerations of continuity 
readily show. Hence, we have, in accordance with Th. 6 and § 11, 
Th. 11: 

Theorem 12. The direct (indirect) circular transformalions on the 
sphere (x|r) = 0 are precisely the transformations established on the 
sphere by the direct (indirect) orthogonal collineations of spoce.f 

EXERCISES 

1. What circles on the sphere correspond to the straight lines of the plane? 
What circle in the plane corresponds to the circle at infinity on the sphere? 

2. Show analytically that the circles in the plane which correspond to the 
circles on the sphere whose planes arc isotropic planes (§ 10, Exs. 13, 14) are 
the circles which are tangent to + i/® + 1 = 0. 

3. Prove that the circles of a pencil on the sphere, that is, the totality of 
circles corresponding to a pencil in the plane, lie in the planes of a pencil of 
planes. Classify real pencils of circles according to the relationships of the 
corresponding pencils of planes to the sphere. 

4 . What can you say about two pencils of planes which intersect the sphere 
in the circles of an orthogonal system? 

5. Show that to the inversion in the unit circle of the plane corresponds the 
reflection of the sphere in the equatorial plane. What corresponds to the re- 
flection of the plane in the x-axis? To the transformation z' = l/z*t 

6. Prove Theorem 11. 

* They are called quaternary ” because four variables are involv^ and 

orthogonal " because (x|x) is an absolute invariant. We hayp already had 
an example of ternary orthogonal substitutions in the equations of a rotation 

leaving fixed the origin of coordinates (§7). i o o i, K 

t If only real transformations are desired, aUy i — 1| ^ 3 shoula e 
taken as pure imaginary or zero and the remaining a^s real. Then xi, X 2 , xa 
will be real and xj pure imaginary or zero, whenever Xi, Xa, Xa are real and xt 
pure imaginary or zero. 
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7* What transformations of the plane correspond to the rotations of the 
sphere about the f-axis? To the rotations of the sphere about an arbitrarily 
chosen diameter? 

8. Prove directly that the circular transformations on the sphere are pre- 
cisely the transformations which are estabhshed by the collineations of space 
which leave the sphere in place. 

9. Deduce from the theory of cross ratio on a quadric a theory of cross 
ratio in the complex plane of inversion. In particular, discuss cross ratio for 
four isotropies of the same family, for four points on an isotropic, and for four 
points on a nondegenerate circle (§ 11, Ex. 11). Show that two pairs of points 
on a nondegonerate circle are harmonic if and only if they are orthocyclic in 
the sense in which the term was defined for the real plane of inversion (Ch. 
XVIII, § 17). 

10. Let Pi, Pa, Ps, Pa be any four distinct points of the plane of inversion, 

and Li, La, La, La the four isotropies of the one family, Jl/i, Ma, Ms, Ma the four 
isotropies of the other family, through them. Prove that, if Pi, Pa, Pa, Pa are 
real points, the cross ratios (i/jLa, LJjA)y (Miil/a, are conjugate-complex, 

and that one of them is precisely the cross ratio (P 1 P 2 , P3P4) as defined in the 
real plane of inversion (Ch. XVIII, § 17). 

11. If, in stercographic projection, the inversive plane is replaced by the 
projective plane, the process of projection may be applied to all the complex 
points of the plane. The resulting corresjiondence is, however, not one-to-one. 
Why? 

12. Prove the Lemma and establish relation (11). 

13. Show that relations (10) are equivalent to 

S 0*1 ”1? S UifcOjk— 0, (i i,j =« 1, 2 3,4). 

Jt-i t-i 

Suggestion. Begin by proving that the transformation u% = X 

i-i 

(i « 1, 2, 3, 4), carries (w'| a') = 0 into (wl?^) — 0. 

13. Tetracyclic Coordinates. In the preceding section we con- 
sidered the ordered number sets (xi, 0 * 2 , Xs, Xa) which satisfy the relation 

(1) ^ xi 4“ 2^2 "H ici Hh = 0 

as homogeneous coordinates of the points on the sphere. We shall 
now think of them as homogeneous coordinates of the corresponding 
points of the inversive plane. They are known, then, as tetracyclic 
coordinatesy for reasons which we shall go into later. 

Tetracyclic coordinates differ from previous pure * homogeneous 
coordinates for a two-dimensional manifold in that they number four, 
instead of the usual three, and must always satisfy the relation (1). 

* That is, not mixed. The mixed isotropic coordinates (ui, W 2 ; Viy e*) are 
four in number, but only the tvjo ratios ui : uty vi : vt count geometrically. 
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The analytic form which inversive geometry takes in terms of tetra- 
cyclic coordinates is evident from the last section. A circle is repre- 
sented by a linear homogeneous equation 

(2) aiXi + a2X2 + aaXs + == 0, 

whose coefficients are not all zero, and conversely. The equations of 
the group of direct circular transformations are those of the group of 
direct orthogonal substitutions 

(3) {i = 1, 2, 3, 4), A = 1. 
where 

4 4 

fl/fi “ 1* ^ nfcifljfca ” 0, (i 9^ jf iyj ~ 1, 2, 3, 4). 

The advantage of tetracyclic coordinates lies in the fact that equa- 
tions (2) and (3) are linear. The quadratic element in the analytic 
theory has been concentrated in the relation (1). 

Equations (4) of § 12 represent the transformation from isotropic 
coordinates to tetracyclic coordinates. The equations of the inverse 
transformation are 

Ui : U2 ^ Xi + ix2 : — x^ + i Xa = Xs + ix^ i xi — i X2f 
Vi : V2 = Xi ~~ i X2 : — X 3 + i Xi= x^ + i x^: x\ + i X 2 , 


Circle Coordinates. There are only two types of complex circles in 
the inversive plane, the nondegenerate or proper circles (including the 
nonisotropic lines), and the degenerate or null circles; see Ch, XVIII, 
§ 18. 

Theorem 1. The circle (2) is proper or null according as (o| a) 5*^ 0, 
or (a I a) = 0. 

We shall call the ordered coefficients ai, a2, ^3, 0 % in equation (2) 
homogeneous coordinates of the circle. Evidently, each ordered quad- 
ruple {yiy 2/2, 2/8, other than (0, 0, 0, 0) constitutes coordinates of a 
circle. We shall speak of this circle as the circle y. 

When the circle a is a null circle: {a\a) = 0 , then (ai, 02, Us, 04) are 
also the coordinates of a point. This point is the cerfter of the null 
circle. For, when (o| a) == 0, the plane (a| x) = 0 is the tangent plane 
to the sphere (x\x) = 0 at the point a. 

Theorem 2. The tetracyclic coordinates of the center of a null circle 
are identical with the coordinates of the circle. 
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We next note an obvious but important fact. 

Theobem 3. The point r lies on the circle a if and only if (a[r) = U. 
According to § 12, (8) and Ch. XVIII, § 10, (1), the angles 6 between 
two proper circles a and b are given by 

(4) cos 0 ± “P 

ya 

The condition for the orthogonality of any two circles is 

(5) ' (a|6) = 0, 

and that for tangency, 

(6) (a| «)(&!&) - (a\by= 0. 

Theorems 2 and 3, applied in conjunction with (5) and (6), inform 
us immediately that a null circle b is orthogonal or tangent to a given 
circle a if and only if its center b lies on the given circle. 

A Metric Interpretation of Tetracyclic Coordinates. The transforma- 
tion from rectangular to tetracyclic coordinates is, by § 12, (3), 

pxi = 2 a;, pX 2 = 2 y, pxz = x* + y* — 1, pXi =\(x^ + y^ + 1). 

i 

Theorem 4. The tetracyclic coordinates of a finite point are propor^ 
iional to relative powers of the point with respect to four mutually ortho- 
gonal proper circles. 

That each two of the four circles Xi = 0, i = 1, 2, 3, 4, are mutually 
orthogonal is readily verified. By a relative power of a finite point 
with respect to a proper circle, not a straight line, we mean the ratio of 
the actual power of the point to a determination of the radius.* The 
limit of this ratio, when the circle approaches a straight line as a limit, 
we take as the definition of a relative power of a point with respect to 
the line. It turns out to be twice a directed distance from the line 
to the point (Ex. 6). 

The theorem is now clear. From it tetracyclic coordinates take their 
name. 

* We agree here to recognLse two radii, namely, the square roots of the 
square of the radius.” There are then two relative powers of a point with 
respect to a proper circle, just as there are two directed distances from a 
straight line to a point. 
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EXERCISES 

1* For 8i roftl circlo <1, cii, aj, 0,3 are taken as real and pure imaginary or 
zero. Show that the circle is, then, a circle with a real trace, a null circle, or a 
circle without a real trace according as (a|o) >0, = 0, or < 0. 

2. Prove that three circles belong to a pencil if and only if their homogene- 
ous coordinates are linearly dependent. 

3 . Show that the inverse of the point x in the proper circle o is the point 

x' = 2 (alx) a — (a|a) x. 

4 . Prove that the formula of Ex. 3 also represents the inverse of the circle 
X in the proper circle a. 


5. Three circles are given, no one of which belongs to the pencil conjugate 
to that determined by the other two. Show that the three circles, each of which 
is coaxal with two of the given circles and orthogonal to the third, are coaxal. 

6. Show that a relative power of a finite point with respect to a straight line 
is twice a directed distance from the line to the point. 

7. Prove that a relative power of a finite point x with respect to the proper 
circle a is of the form 


rfcfc 



where k depends only on a;, not on a. 

d. Show that four distinct real circles, if they are mutually orthogonal, 
must all be proper, and that three must have real traces and the fourth no 
real trace. 


9, The coordinates (xf, xj, xj, xj) defined by equations (3), considered as a 
change of coordinates, are known as general tetracyclic coordinates.* Show that 
inversive geometry has the same analytic form in terms of them as in terms of 
the original tetracyclic coordinates. 

10. Prove that Theorem 4 is true for the general tetracyclic coordinates of 
Ex. 9. 

Suggestion. Employ Ex. 7 and § 12, Ex. 13. 


14. Line Geometry. Pluecker Line Coordinates. We bring the 
book to a close with a brief introduction to the line geometry of space. 
Since space contains * lines, this geometry is four-dimensional. In it 
points and planes, that is, sheaves of lines and planes of lines, are two- 
dimensional, and pencils of lines and reguli, one-dimensional. 

Coordinates for a line in space may be obtained by considering the 
line as determined by two points or as determined by two planes. 
Dual line coordinates arrived at in these two ways were developed by 

* The most general tetracyclic coordinates are those defined by the general 
linear transformation of xi, xa, X3, X4. In distinction to them, the coordinates 
of the text and exercise are often called orthogonal tetracyclic coordinates. 
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the founder of line geometry, Julius Pluecker, and were called by him 
Tay coordinates and axis coordinates^ respectively. Both sets ci co- 
ordinates arc homogeneous, are six in number, and satisfy a quadratic 
relation. They resemble then, in structure, the tetracyclic coordinates 
in the inversive plane. 

Ray Coordinates. Let a line L be given and choose on it two distinct 
points X, y. From the matrix of the coordinates (xi, a? 4 ), 

iVu 2 / 2 , 2 / 3 , 2 / 4 ) of the two points form the two-rowed determinants 

(1) . Va = Xiyj - Xjijty {i 7 ^ j, ij = 1, 2, 3, 4). 

These twelve determinants are negatives of one another in pairs: 

Pa = - Pa- 

Accordingly, we restrict ourselves to six of them: 

(2) P12, Pl3, Pu, Ps4, P42, P28. 

These six p*s are Pluecker ray coordinates of the line L. They satisfy 
the relation 

(3) Pl2p84 + PuPm + Pl4p28 == 0, 

as is readily proved by expanding the determinant in the identity 
\xyxy\ =0* 

If x' = k\X + Zi 2 /, y' = k 2 X + hy are any two distinct points on L, 

Pij = xWi — = (^1^2 - Wi)p*/- 

Hence, each two sets of ray coordinates of L are proportional. 

If L does not intersect the edge A 3 A 4 of the tetrahedron of reference, 
P 12 9 ^ 0. For, when L is thought of as determined by the distinct 
points P2 : (xi, 0, xs, X4), Pi : (0, 1/2, 2/3, 2/4) in which it meets the faces 
X 2 = 0, Xi = 0 which intersect in A^Aiy its coordinates are 

f y 2 Xu PiB = ysxu Pu = 1 / 4 X 1 , 

PU = XiyA - X4^i. 

3 : 1 ^ 2 ,' p23 = “ 3^82/2, P 42 = XAy 2 , 

and, since Xiy 2 9^ 0, pw 9 ^ 0. 

We are now in a position to give a simple proof that six numbers (2) 
which satisfy (3) and are not all zero are the coordinates of a line. We 
may assume, for example, that pi 2 9 ^ 0. Then the six equations (4) 

* It is to be noted that the number of inversions in each of the orders, 12 3 4, 
1 3 4 2, 1 4 2 3, in the subscripts of the terms of (3) is even. 

The identity \xyxy\ = 0 is most easily expanded into (3) by means of 
Laplace’s rule; see Bdcher, Higher Algebra, Ch. II, § 8. 
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in 1/2, 2/3, Vii X\, Xzy Xi are compatible and determine two points Pi, P* 
whose line has the given numbers as its coordinates. Moreover, since 
coordinates of the two points arc obviously 

(5) Pi : (0, pi2, pi3, P14), P2 : (pi 2 , 0, — p 28 , P 42 ), P12 9^ 0, 

the line does not intersect A3A4. 

Axis Coordinates, If w, v are two distinct planes through the line L, 
the six numbers 

(6) 512, ^18, ?14, 5'84, ^42, g'28, 

where 

qa = UiVj‘ - UjVi, (ij = 1, 2, 3, 4), 

are Pluecker axis coordinates of L. They are connected by the relation 

(7) 512^34 + §13^42 + qiiQis = 0. 

It is evident that the justification of the definition is the exact dual 
of that in the case of ray coordinates. 

The Relations between Ray and Axis Coordinates. Once more we think 
of the line L as not intersecting A3A4 : P12 5*^ 0. Then coordinates of 
two distinct points on L, expressed in terms of the ray coordinates of 
L, are given by (5), and coordinates of the two planes through L 
which contain respectively As and A4 are readily found to be 

(p42, Pl4, 0, — P 12 ), (P23, — Pl3, pl2, 0), 

The axis coordinates q of L, determined by these planes, are 

(8) qa = Xpw, X = Pi2 5^ 0, 

where ij ranges over the combinations 12, 13, 14, 34, 42, 23 and kl 
over the complementary combinations 34, 42, 23, 12, 13, 14. 

Theorem 1. The ray coordinates p and the axis coordinates q of a 
line are connected by the equations 

Pi 2 : Pi 3 : Pi 4 : P 34 : P42 : P23 = ^'34 : qiz • 323 : 912 : qn : qa- 

The content of the theorem is frequently expressed in brief by saying 
that the coordinates of the one kind are proportionah to the comple- 
mentary coordinates of the other kind. 

Fundamentals of Line Geometry in Line Coordinates, The two lines 
with ray coordinates p and p' determined respectively by the pairs of 
VoinU x. y and x\ y' intersect if and only if \xyx'y'\=^ 0 or, as is 
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readily shown by expanding the determinant, if and only if 

P 12 PM + pispiz + pwpis + puVn + P42pi8 + P2spl4 = 0. 

Theorem 2. A necessary and sufficient condition that the two lines 
with ray coordinates p, p' intersect is that 

(p, p') = 0, 

where 

(9) (p, p') S P12P84 + P18P42 + P14P28 + P34P12 + P42pi3 + P23p!l4. 

It follows, by Th. 1, that, if q, q' are axis coordinates of the two lines, 
the condition for intersection is (g, q') = 0. 

We shall make frequent use of the symbol (p, p') defined by (9), 
and also of the related symbol 

(10) (p, p) = 2 (P12P34 + P13P42 + P14P23), 

whose vanishing is the condition that the six p's, not all zero, be the 
coordinates of a line. 

A finite number of lines shall be said to be linearly dependent if 
their ray coordinates are linearly dependent or, what is the same thing, 
if their axis coordinates are linearly dependent. 

The theory of linear dependence and linear combination is affected 
by the fact that the coordinates of a line must always satisfy the rela- 
tion (p, p) = 0 or (g, q) = 0. Let us consider, for example, the lines 
linearly dependent on two distinct lines p', p". We write as usual 

(11) p = A^ip' + /cop". 

The p's thus defined are the coordinates of a line when and only when 
kif k 2 satisfy the equation 

(jkip + k2p\ kip + /C2p") = 0, 

or 

k\{p\ p') + 2 kMp\ P") + A;l(p", p") = 0. 

Since (p', p') = 0 and (p", p") == 0, this equation reduces to 

(12) kMp\ P") = 0. 

If (p', p") 5*^ 0, (12) is satisfied only if A;i = 0 or k 2 = 0. Hence, 
the only lines linearly dependent on two skew lines are the lines themselves. 
If (p'j p") = 0, (12) is an identity and every linear combination 
(11) represents a line. In this case, we have: 

Theorem 3. The lines which are linearly dependent on two distinct 
intersecting lines are the lines of the pencil determined by them. 
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For, think of p’, p" as determined by the point x common to the 


Pa = ki 


Xi Xi 
. / 

+ h 

Xi Xj ^ 
n // — 

y% Vi 


Vi yi 


Xi 

hVi +hyi 


Xi 

hiVi + W/ 


Thus, p is the line joining x to the general point hy' + k^y*' of the 
range determined by y\ y'\ 

Theorem 4. Three distinct lines are linearly dependent if and only if 
they belong to the same pencil. 


If the word distinct” were omitted, the theorem would be false. 
Why? 


EXERCISES 


1. Determine the ray coordinates of the edges of the tetrahedron of 
reference. 

2. Characterize the ray coordinates of a line which (a) meets the edge A\At 
of the tetrahedron of reference; (6) meets the opposite edges AiAj, A%Ai) 
(c) lies in the face ai; (d) goes through the vertex Ai, 

3. Describe the lines whose ray coordinates satisfy the equations: 

(a) P23 = 0; (6) p2a * 0, pi4 = 0; (c) pj, * 0, pu = 0; 

(d) P23 = 0, P34 = 0, Pa 2 = 0; (c) P23 = 0, p42 « 0, Pl2 « 0. 

4. Justify the definition of the 9’s as line coordinates. 

5. Write a condition necessary and sufficient that the line with ray co- 
ordinates p meet the line with axis coordinates q, 

6. Prove Theorem 3, using axis coordinates. Establish Theorem 4. 

7. Three linearly independent lines go through a point. Prove that the 
lines which are linearly dependent on them are the lines of the sheaf determine^ 
by them. 

8. State and prove the dual of the theorem of the previous exercise. 

9. Prove that four lines, no three linearly dependent, are linearly dependent 
if and only if every line which meets three of them intersects the fourth. Show 
that then the four lines (a) belong to a sheaf or to a plane of lines, or (6) inter- 
sect in pairs so that the pencils determined by the two pairs have a line in 
common but lie in different planes and have different vertices, or (c) belong to 
a regulus, 

10, Show that there are two lines, distinct or coincident, which intersect 
four given linearly independent lines, or all the lines of a pencil intersect the 
four lines. When does the latter case occur? 


IS, Linear Complexes. Null Systems. A three-parameter family 
of lines is known as a complex of lines. Since the number of lines in 
space is 00*, a single equation homogeneous in the ray#)r the axis co- 
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ordinates of a line, but not equivalent to (p, p) = 0, represents a com- 
plex, When the equation is linear, the complex is called a liTiear complex. 
The two equations in ray and axis coordinates 

( 1 ) ~ 

where ij ranges over the combinations 12, 13, 14, 34, 42, 23, ji’epresent 
the same linear complex, provided that 

hij‘ == X aw (X 5*^ 0) or a<; = p bki (m 9^ 0), 

when i j ranges over the given, and k I over the complementary, com- 
binations. 

It is clear, from the relationship between the a^s and the 6’s, that 
(a, a) and (b, h) vanish simultaneously. In this case, the a*a and Vs 
may be thought of respectively as the axis and ray coordinates of the 
same line. The complex consists, then, of all the lines which intersect 
this line, including the line itself. The line is known as the axis of the 
complex, and the complex is said to be special. 

We turn to the general case: 

(a, a) (6, b) 0, 

and rewrite equations (1) in the forms 

( 2 ) Jlaijixiyj — XjPi) = 0 , ^baimvi - UjVi) = 0 . 

Introducing new o’s and Vs: 

Oji == — aijf afeie “ 0 , bji = ““ bijj bkk^ 0 , 

where j i ranges over the combinations 21, 31, 41, 43, 24, 32 and 
A; = 1, 2, 3, 4, we may replace equations (2) by 

]-4 1-4 

(3) ^^fOijXiy i ~ 0, Qji — ““ Qify '^^bijUiVj = 0, bji — — bijf 

i,J 

where now i and j range independently over 1, 2, 3, 4 in the usual 
fashion. 

The determinants lot;! and |&ty| resulting from the accession of the 
new a's and 6"s are evidently skew-symmetric. Their values are 
readily found to be; 

\aii\= (a, a)* ^ 0, 1 6<,| = (b, 6)* 0. 

For a given point y the first of equations (2) or (3) represents the 
locus of a point x which moves so that the line joining it to the point 
y is always a Upe of the complex. Since the equation is linear in the 
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x*B with coefBcients which cannot all vanish, the locus is a plane. 
Hence, the lines of the complex which go through a given point form a 
pencil. 

Similarly, the lines of the complex which lie in a given plane form a 
pencil. For, the envelope of a plane u which moves so that the line in 
which it intersects a given plane is always a line of the complex is the 
point which is represented by the second of equations (2) or (3), when 
the are coordinates of the given plane. 

Theorem 1. A nonspecial linear complex has a pencil of lines in 
every plane and a pencil of lines through every point in space. 

The complex orders to each point a unique plane, the plane of the 
pencil of lines at the point, and to each plane a unique point, the vertex 
of the pencil of lines in the plane. Moreover, if it orders to the point 
P the plane p, it evidently orders to the plane p the point P. 

The point-plane involution of space thus established is represented 
by either of the equations (3), since the first of these equations defines 
the plane p corresponding to a given point P, and the second deter- 
mines the point P corresponding to a given plane p. 

Thus, equations (3) represent the same involutory correlation of 
space. Since auj a is, au, U34, U42, aos are subject only to the condition 
(Oj a) 7 ^ 0, the sixteen a,/s are subject only to the condition that |ai/| 
be skew-symmetric, 5*^ 0. Hence, to each nonspecial complex (1) 
correspondb an involutory correlation (3), and conversely. 

An involutory correlation with skew-symmetric determinant is 
known as a null system. We may, then, state our result as follows. 

Theorem 2. A nonspecial linear complex determines a null system, 
and conversely. 

It is customary to employ the same terminology for a null system as 
for a polar system. The general properties of the null system, that is, 
those depending only on the fact that the system is an involutory cor- 
relation, are identical with those of a polar system (§9). Of the special 
properties of the null system, bearing on its relationship to the corre- 
sponding linear complex, wc already have ^ 

Theorem 3. A point and a plane are pole and polar in the null system 
if and only if the point is the vertex of the pencil of lines of the complex 
which lies in the plane, or the plane is the plane of the pencil of lines of the 
complex which issues from the point. 
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Theorem 4. Every point lies in its polar plane and every plane con^ 
tains its pole; in other words^ every point and every plane is self-conjugate. 
Since the polar plane of a point contains every line of the complex 
passing through the point, the polar plane p of 
a point P on a line L of the complex always 
contains L. Consequently, as P traces L, p 
rotates about L : L is its own polar line, 

If L is not a line of the complex, the polar 
plane p of a point P on L never contains L. 
As P traces L, p rotates about L\ the polar 
line of L. Since the lines of the complex which 
meet L are precisely the lines through the 
points P lying in the planes p, they all meet U 
and clearly exhaust all the lines which meet both L and L' (Fig. 8). 



Theorem 5. The lines of the complex are self -polar. Two lines not 
belonging to the complex are mutually polar if and only if the lines of the 
complex which meet the one intersect the other, or if and only if the lines 
which meet both all belong to the complex. 


Incidentally, we have determined all the lines of the complex which 
intersect a given line. 

Theorem 6. There are oo^ lines of the complex intersecting a given 
line. If the line is not in the complex, the oo ^ lines are all the lines which 
meet it and its polar line. If the line belongs to the complex, the oo * lines 
are distributed with respect to it as are the tangent lines to a nonsingular 
quadric surface at the points of a ruling. 


We leave to the reader the justification of the description in the latter 
case (Ex. 2). 

Since two polar lines not belonging to the complex are skew lines, a 
line meets its polar if and only if it belongs to the complex and so is its 
own polar. Hence: ' 


Theorem 7. The self-conjugate lines of the null system coincide with 
the self-polar lines, in the lines of the complex. 


EXERCISES 

1. Prove directly that equations (3) represent the same involutory correla- 
tion. 

2. Justify the description, in Theorem 6, of the lines of the complex which 
meet a given line of the complex; see § 9, Ex. 1. 
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3. A tetrahedron whoee vertices and faces are pole and polar ivith reroect to 
a null system m said to be self-polar. Show that a necessaiy and sufficient 
condition that a tetrahedron be self-polar is that two opposite edges be polar 
lines or that two pairs of opposite edges belong to the complex. 

4. Show that four mutually skew lines which are polar in pairs in a null 
system belong to a regulus. 

5. Prove that the lines of a nonspecial complex which intersect two non- 
conjugate lines form a regulus. 

6. Show that the polar of a regulus with respect to a null system is a regulus. 
When is a regulus self-polar? 

7. Prove that five line;;: are linearly independent if and only if they are 
intersected by at most one (singly counting) line. 

8. Show that there is a unique linear complex containing five given lines 
which are intersected by at most one line and that the complex is nonsjiecial 
if no line meets the five given lines. 

9. Prove that there is a unique null system with respect to which two pairs 
of lines of a regulus are polar lines. 

10, Show that there is a unique null system in which two given lines are 
mutually polar and a third self-polar, provided the three lines are skew to 
one another. 

16. Continuation. Metric Properties. In order to obtain a clearer 
picture of a linear complex, considered as a whole, we proceed to 
discuss it with reference to the metric geometry of Cartesian space. 
We assume that the complex is nonspecial and real. 

If L is a finite line through the pole As of the plane at infinity, the 
polar of 1/ is a line L' in the plane at infinity and the planes deter- 
mined by L' and the finite points of L, that is, the polar planes of the 
finite points of L, are all parallel. In particular, if L' is the polar line 
of As with respect to the absolute conic, the polar planes of the points 
of L are all perpendicular to L, and conversely. 

Theorem 1. There is a unique finite line which is perpendicular to 
the polar planes of the finite points lying on it. 

This line is called the axis of the complex. 

If Ai is an arbitrarily chosen finite point on the axis L, and Ai, As 
are any two points on L' which are conjugate with respect to the abso- 
lute, the finite edges of the tetrahedron A 1 A 2 A 3 A 4 are mutually per- 
pendicular, and the tetrahedron may be used as tetrahedron of refer- 
ence for rectangular Cartesian coordinates. Since A 1 A 2 , AsAi are 
polar lines, the remaining edges of the tetrahedron belong to the 
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complex and the equation of the complex in ray coordinates becomes 

(1) U 12 P 12 + auVu = 0, 012084 7 ^ 0, 

Restricting ourselves to the finite domain and thinking of the line p 
as determined by the points with nonhomogeneous Cartesian coordi- 
nates (a:, y, 0 ), (i, y, I), we replace (1) by 

(2) X y — X y + k(z - z) = 0, k 9^ 0, 

Since the origin -44 was any finite point on L and the points at 
infinity ^1 and -42 in the directions of the axes x and y were any two 
points on L' conjugate with respect to the absolute, it is reasonable to 
expect that equation (2) is invariant with respect to any screw motion 
about the axis of z — the axis of the complex. That this is, indeed, the 
case may be readily verified analytically. 

Theorem 2. A nonspecial linear complex is invariant with respect 
to the group of screw motions about its axis. 

It is clear from the definition of the axis that the lines which inter- 
sect the axis at right angles belong to the complex. To visualize the 
complex, we seek a picture of the lines of the complex intersecting an 
arbitrary ray R which issues from a point of the axis and is perpendi- 
cular to it. Since, by Th. 2, this picture is the same for every ray R, 
it suffices to construct it for one ray, for example, the positive half of 
the x-axis. 

The eciuation of the polar plane p of the point P: (r, 0, 0), r ^ 0, on 
the positive half of the axis of x, obtained by setting x = r, ^'=2 = 0 
in (2), is 

(3) r y — k z — 0, 

Evidently p goes through the axis of x and meets the (p, z)-plane in 
the line through the origin whose slope with respect to the j^-axis is 
r/k. Hence, p may, be obtained by rotating the (x, 2 /)-plane about 
the axis of x through' the angle 6 defined by 

(4) tan ^ = 7 > 

k 

where the positive direction of rotation is that from the positive y-axis 
to the positive z-axis. 

The desired picture is now clear. As the point P, starting from the 
origin, recedes indefinitely on the positive half of the x-axis, the plane 
pt starting from the horizontal position, rotates gradually about the 
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a-axis and approaches the vertical position as a limit. If the rotation 
of p is viewed from a point on the negative axis of x, the direction of 
rotation is that of a right-handed or left-handed screw according as 
A; > 0 or < 0. 


1, Prove Theorem 2. 


EXERCISES 


Prove that there is a two parameter family of helices, or circular screws, 
which have the z-axis as axis, rise a given vertical distance with each turn about 
the axis, and wind about the axis in the same direction. Prove that, if 2 Td 
is the given distance, the equations 

a; = p cos (0 + a), y — p sin (0 + a), z ^ d4>y p ^ 0, 

constitute a representation, in terms of the parameter 0, of the helix of the 
family which passes through the point in the (x, 2 /)-plane with polar coordinates 
(p; a). 

3. Show that there is a family of helices of the type just described which is 
associated with a given nonspecial linear complex in such a way that the polar 
plane of an arbitrary point P is the normal plane at P of the helix which passes 
through P. 


17. Linear Congruences. Reguli. A two-parameter family of 
lines is known as a covgruence of /mc«. Two independent equations 
homogeneous in ray or axis coordinates determine, in general, a congru- 
ence. If the equations are botli linear, the congruence is called Umar, 
We shall represent a linear congruence by two linearly independent 
linear equations in the ray coordinates p, writing the equations in the 
symbolic forms 

(1) (a, p) = 0, (6, p) - 0. 

The lines of the congruence are the lines common to the two linear 
complexes represented by the two equations taken individually. 
Hence, they belong also to every complex of the pencil of linear corm 
plexes: 

(2) k (a, p) + I (bf p) = 0 or {k a + I h, p) = 0, 

and are the lines common to each two distinct complexes of this pencil. 

Theorem 1. The lines of a linear congruence belong to each of the 
complexes of a pencil of linear complexes associated with the congruence , 
and are precisely the lines common to each two complexes of the pencil. 

Since the lines of the congruence belong to whatever special com- 
plexes are contained in the pencil, they must intersect the axes of the 
special complexes of the pencil. These axes are called the directrices 
of the congruence. 
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Theorem 2. The lines of a linear congruence intersect every directrix 
of the congruence. 

The general complex of the pencil (2) is special when and only* when 

I satisfy the equation 

(3) k^ia, a) + 2 kl(a^ h) + h) = 0. 

Hence, the congruence has two distinct directrices, one doubly count- 
ing directrix, or i directrices. It is known respectively in these three 
cases as nonpar aholic, parabolic^ and special. 

For a no'nparaholic congruence^ the pencil contains two distinct 
special complexes. If these are taken as the complexes a, 6, then 
(a, a) = 0, (6, 6) = 0 and hence, since (3) may not reduce to the identity, 
(a, h) 0. Consequently, the two directrices of the congruence are 
skew lines, and the congruence consists of all the lines which intersect 
them both. 

Theorem 3. A linear congruence of lines consists, in general, of the 
lines which meet two skew lines. 

Since the lines of the congruence belong to every complex of the 
pencil, we have, by § 15, Th. 5: 

Theorem 4. The directrices of the general linear congruence are polar 
lines with respect to every nonspecial complex of the associated pencil of 
linear complexes. 

A parabolic congruence has a single (doubly counting) directrix L and 
consists of the lines of a nonspecial complex of the pencil which meet L. 
If L did not belong to this nonspecial complex, these lines would inter- 
sect a second line skew to L, by § 15, Th. 6, and the congruence 
would be nonparabolic. Hence, L is a line of the nonspecial complex 
and the lines of the congruence are distributed with respect to it as are 
the tangent lines to a nonsingular quadric at the points of a ruling. 

The 00 1 directrices of a special congruence are the lines of a pencil. 
The congruence consists of all the lines through the vertex of the pencil 
and all the lines in the plane of the pencil. 

Beguli. We define a regulus anew as the totality of lines which 
satisfy three linearly independent linear equations in, let us say, the 
ray coordinates p: 

(4) p) = 0, p) = 0, p) = 0. 

The regulus consists, then, of the lines common to the three linearly 
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independent linear complexes represented by the individual equations 

(4) , or of the lines common to any three linearly independent com- 
plexes of the sheaf of complexes 

(5) p) + p) + p) = 0. 


Theorem 5. The lines of a regulus belong to each of the complexes of 
a sheaf of linear complexes associated with the regulus^ and are precisely 
the lines common to any three linearly independent complexes of the sheaf. 

The axes of the special complexes of the sheaf are called directrices 
of the regulus. 

Theorem 6. The lines of a regulus intersect every directrix of the 
regulus. 

The condition that the general complex (5) of the sheaf be special is 
that ki, fe, ki satisfy the quadratic equation 


( 6 ) 


1-3 




= 0 . 


Let us interpret ki^ k 2 , h as homogeneous point coordinates in a 
projective plane, and think of the point {ki^ k^t k^) of the plane as 
ordered to the complex (5) of the sheaf, and vice versa. There is thjis 
established a one-to-one correspondence between the points of the 
plane and the complexes of the sheaf which has the following proper- 
ties: (o) to three iioncollinear points of the plane correspond three 
linearly independent complexes; {b) to a point of the point conic (6) 
corresponds a special complex and hence a directrix of the regulus; 
(c) to two conjugate points of the point conic (0) correspond two inter- 
secting directrices of the regulus. Each of these properties is re- 
versible. Only the third requires proof, and the proof of it is straight- 
forward. 


Nondegenerate Regvli. If the point conic (6) is nondegenerate, the 
regulus is said to be nondegenerate. Since in this case two distinct 
points of the conic cannot be conjugate, each two directrices of the 
regulus are skew lines. Hence, the regulus consists of the lines 
which meet three skew lines (Ths. 5, 6). It is then a regulus in the 
sense in which the term was originally defined; see §§ 8, 11. 

Theorem 7. The directrices of a nondegenerate regulus constitute 
the conjugate regulus. 


Since the lines of the regulus meet every directrix, the « i directrices 
belong to the conjugate regulus. Conversely, a line p* of the con- 
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jugate regulus is a directrix of the given regulus. For, if 

are three lines of the given regulus and three directrices, 

p* is a solution of the three linear homogeneous equations 

(p(i)^ p*) = 0, (p<2\ p*) = 0, (p<3>, p*) = 0, 

of which are three linearly independent solutions; hence 

p* is a linear combination of the three directrices and so 

is itself a directrix. 

Degenerate ReguU, These are of three different types, according as 
the rank r of the matrix of the quadratic form in (6) is two, one, or zero. 
We content ourselves with a statement of the results in each case. 

A: r = 2. The regulus consists of two pencils of lines which have 
different vertices and planes, but a common line. Its directrices con- 
stitute a second regulus of the same type. 

B: r = 1. The regulus is a single doubly counting pencil of lines, 
and the regulus of directrices coincides with it. 

C: r = 0. In this case, the regulus consists of lines, namely all 
the lines of a sheaf of lines or all the lines of a plane of lines. Here, 
too, the regulus of directrices coincides with the given regulus, 

We may now draw the following conclusion. 

Theorem 8. The directrices of a given regvlus constitute a regvlus 
of the same type as the given regvlus, 

EXERCISES 

1. Show that there is a unique linear congruence which contains four given 
linearly independent lines. 

2. Prove that a parabolic congruence actually consists of the lines tangent 
to a nonsingular quadric at the points of a ruling. 

3. Show that a special congruence consists of the lines which meet two inter- 
secting lines. 

4 . Prove that all the lines of a congruence meeting a line which does not 
belong to the congruence and is not a directrix of the congruence form a regulus. 

5. Show that there is a unique regulus which contains three given linearly 
independent lines. 

6. Prove that, if a linear complex does not contain a linear congruence, the 
two have a regulus in common. 

7. Establish the facts concerning degenerate reguli. 

8. Find the niimber of linear complexes, linear congruences, and reguli in 
qjaoe. 
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9* Show that the lines linearly dependent on five linearly independent lines 
are the lines of a linear complex, and conversely. 

10. Show that the lines linearly dependent on four linearly independent lines 
are the lines of a linear congruence, and conversely. 

11. The lines linearly doi)endent on three linearly independent lines are the 
lines of a regulus (§ 14, Ex. 9). Is the converse true? 

12 . Why is it that a regulus, which has in general oo i lines, may have « * lines, 

whereas a linear congruence alwaj^s has and a linear complex always 

has 00 ^ lines? 

13 . Show that every linear complex which contains a given linear congruence 
belongs to the pencil of linear complexes associated with the given congruence. 

14 . Does every linear complex which contains a given regulus belong to the 
sheaf of linear complexes associated with the regulus? If your answer is in the 
negative, justify it by an example. 
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Abridged notation, 34. 

Absolute, 425, 426, 429. 

Affine coordinates, in the plane, 180- 
182; 

— in space, 441, 442. 

Affine geometry, 179, 429. 

Affine property, 180, 185. 

Affine transformations, of the plane, 
179-184; 

— of a line, 182; 

— of space, 429. 

Analysis situs, 179. 

Angle in the complex domain, 122- 
128, 426, 429. 

Angles between two circles, 370, 372, 
374. 

Asymptotes, 132, 133, 235, 245. 
Asymptotic cone, 441. 

Axes, of conics, 240-243, 246; 

— of quadrics, 443, 444; 

— of similitude, 361. 

Bilinear forms, 154, 164, 436. 
Biquadratic equation, 281, 300-303, 
B6cher, 14, 462. 

Brianchon's theorem, 261, 262, 264, 
278, 297, 298, 311, 329, 338. 

Cartesian coordinates, see Metric 
coordinates. 

Center, of a conic, 235, 245; 

— 8 of conics of a pencil of conics, 
318; 

— of a quadric, 441; 

— s of similitude, 360, 362. 

Central conics, 235-243; 

special imaginary — , 249; 
similar and similarly placed — , 298 
-300; 

conjugate — 298-300; 
confocal — , 308, 309, 313, 324, 325. 
Central quadrics, 441-444. 

Ceva’s theorem, 81. 

Circle, general, see Contents, Ch. 
XVIII; 

projective-metric properties of the 
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— , 77, 119, 122, 133, 241, 242, 
300; 

classification of — s In Cartesian 
plane, 344; 

s in real inversive plane, 377; 

8 in complex inversive plane, 

398, 399; 

— s on the sphere, 454-457; 
equation of — in isotropic coordi- 
nates, 390, 391, 398; 

— — in tetracyclic coordinates, 
459; 

coordinates of — , 459. 

Circle, special; 
nine-point — , 321; 

— at infinity, 425, 426, 429; 
osculating —, 294, 324; 

— 8 in an isotropic plane, 445, 457; 

— s in a pencil of point conics, 324, 
325; 

— B on a quadric, 443, 444. 

Circles, related to two or more circles; 

— of similitude, 361-363; 

— of antisimilitude, 368-370, 371; 
radical — , 354; 

— cutting at the same angles, 370- 
376. 

Circles, two or more, radical axis of, 
348-352; 

radical center of — , 358; 
axes of similitude of — , 361; 
centers of similitude of — , 360, 
362. 

Circles, orthogonal, 346-348, 355, 356, 
460; 

system of — , 355-357, 379; 

— to three circles, 357, 358; 

— on the sphere, 454, 456; 
set of four — , 460, 461. 

Circles, tangent, ^73, 381-384, 460; 

— to two circles, 373, 374, 382-384; 

— to three circles, 375, 384; 
poristic systems of — , 382-384. 

Circles, pencil of, 48, 49, 353, 356, 357, 
378, 379; 

conjugate — s, 357. 
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Circle, coaxal, 349, 350, 352, 353, 354; 

systems of — , 350-355. 

Circular points at infinity, 122, 126, 
128-130. 

Circular transformations, 384-388, 
390, 393-396; 

— in the complex plane of inver- 
sion, 399, 459; 

— on the sphere, 455-458. 
Cofactor, 14. 

Collineations of the plane, 110-112, 
114, 168, 278; 

fixed points of — , 172, 173; 
involutory — , 272-274; 
applications of — , 334-342. 
Collineations of space, 422-424, 429; 

— leaving a quadric fixed, 449, 450; 
orthogonal — , 457. 

Complete quadrangle, 25; 
diagonal points of — , 28, 45; 
diagonal triangle of — , 46, 64; 
harmonic properties of — , 60, 61, 

326, 327; 

miscellaneous theorems concerning 
— 8, 25, 26, 28, 46, 248, 317, 318, 
321, 324, 354, 362. 

Complete quadrilateral, 25; 
diagonals of — , 28, 46; 
mid-points of diagonals of — , col- 
linear, 64, 81, 318; 
diagonal triangle of — , 59, 64; 
harmonic properties of — , 58-61, 

327, 334; 

miscellaneous theorems concerning 
— B, 27, 28, 46, 64, 248, 317, 361. 
Complex numbers, 115; 

conjugate — , 117, 119. 

Complex of lines, 465-471, 474, 475. 
Cones, 415, 416, 431. 

Congruences of lines, 471, 472, 474, 
475. 

Conics, nondegenerate, as point con- 
ics, 192-195; 

— , as line conics, 196, 197; 

— , as both, 198, 199; 
complex — , 200; 

projective properties of — , see Con- 
tents, Chs. XIV-XVI; 
affine properties of — , 132, 133, 
186, 235-239, 245, 249, 276, 277; 
metric properties of — , 131-136, 
240-243. 246, 248, 249; 


projective classification of — , 232-> 
235; 

affine classification of — , 186, 237- 
239; 

metric classification of — , 131, 132, 
240, 241; 

projective generation of — , 251- 
253, 255-259, 277; 

invariants of — , 24^248, 321-323; 

parametric representation of — , 
225, 274-276; 

contact of — , 282-284, 292-295, 
304, 305; 

similar and similarly placed — , 298 
-300, 325; 

confocal — , 308-310, 313, 324, 325. 

Conics, degenerate, 131, 132, 189-191, 
196, 199; 

tangents to, and contact points of 

- 200 ; 

properties of — , 243-246; 

projective generation of — , 253, 
255; 

— , of a pencil of conics, 285, 287, 
292, 306; 

contact of — , 283, 304. 

Conics determined by points and 
tangents, 253, 254, 257-259, 285, 
289, 290, 306, 307, 313. 

Conic, eleven-point, 320, 321. 

Conics, pairs and pencils of, see Con- 
tents, Ch. XVI. 

Conjugate diameters, of a conic, 236, 
237, 239, 241-243; 

— and diametral planes of a quad- 
ric, 444. 

Conjugate elements with respect to, a 
conic, 226, 227, 243-245; 

— a pencil of point conics, 319-321, 
403; 

— a quadric, 437-441; 

— a null system, 468. 

Construction, of the fourth harmonic 

element to three given elements, 
61; 

— of complete quadrilateral with 
given diagonal triangle, 64; 

— of an involution determined by 
two pairs of points, 154; 

— of poles and polars, 229, 230; 

— of tangents from an external 
point, 230; 



INDEX 


— of tangent to a conic, 230, 263; 

— of contact point of a conic, 230, 
264; 

— 8 of conics determined by points 
and tangents, 261, 262, 264; 

— s of projective correspondences, 
266, 268, 269; 

miscellaneous — s relating to con- 
ics, 277, 278. 

Contact lines of a quadric cone, 415, 
416. 

Contact point, on a line, of a line 
conic, 197, 200; 

of a line curve, 204; 

of an algebraic curve, 215; 

— , in a plane, of a plane quadric, 
433. 

Continuity of analytic proofs, 336, 
337. 

Coolidge, 139, 386, 395. 

Coordinates, see aho Metric, Affine, 
Projective, Isotropic; 
barycentric — , 170; 
circle — , 459; 
tetracyclic — , 458-461; 
tetrahedral — , 420; 
trilinear — , 170. 

Correlations of the plane, 168, 326; 
involutory — , 230, 231, 326-334. 

Correlations in space, 422-424; 
involutory — , 436, 437, 467. 

Correspondences, one-to-one, 19, 97. 

Counting constants, 174-178. 

Cramer's rule, 1. 

Cross ratio, in the plane, see Contents, 
Ch. VI; 

of lines, in terms of angles, 77; 

— in projective coordinates, 141, 
161, 163; 

— of complex elements, 145; 

— of points on a conic, 267, 275; 

— of tangents to a conic, 267; 

— of rulings of a regulus, 447; 

— in the plane of inversion, 391- 
396, 458; 

analytic definition of — , 411- 
413. 

Curves, point and line, see Contents, 
Ch. XIII; 

, fundamental theorem for, 

206-208, 218; 
algebraic — , 212-225; 


parametric representation of — ^ 
207, 209, 210, 223-225. 

Cusp, 219. 

Cyclic order, 33. 

Cylinder, 444. 

Deficiency, 221. 

Desargucs, 23. 

Desargues' involution theorem, 311; 

— for a pencil of circles, 153; 

— for a complete quadrangle, 154. 
Desargues’ triangle theorem, 23-25, 

27, 41-43, 328. 

Determinants, 14; 
symmetric and skew-symmetric — , 
15; 

product of two — , 15. 

Diameters, of conics, 236-243; 

— and diametral planes of a quad- 
ric, 441, 444. 

Dimensionality, 178. 

Directed disltince from a line to a 
point, 46, 49, 460, 461. 
Directrices of conics, 134-136, 241- 
243, 310. 

Discriminant, of a conic, 131, 133, 
187, 196, 246; 

— of a quadric, 430, 433. 

Division, of a line-segment, 50, 71; 

— of two lines, 47, 53. 

Domain, complex, of metric geometry, 

116; 

— , of projective geometry, 116, 
145; 

— , of inversive geometry, 398; 
metric geometry of — , 119-136, 
424-430. 

Domain, infinite, of metric geometry, 

22 ; 

— , of inversive geometry, 377, 397, 
399. 

Double points and double tangents of 
an algebraic curve, 219, 220, 223. 
Duality, in the plane, 26-28, 58, 76; 
analytic — in t^e plane, 66, 68-70; 

— and correlations, 168; 

— in space, 407. 

Eccentricities of a conic, 135, 136, 
246, 248. 

Eleven-point conic, 320, 321. 

Ellipse, 131-136, 235-243, 245. 
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Ellipsoid, 442. 

Envelopes of lines, 209-212. 
Equi*anharnionic sets of elements, 
146. 

Equivalence, concept of, 234. 
Euclidean geometry, 130, see also 
Metric geometry. 

Foci of conics, 134-136, 241-243, 308- 
310, 324, 325. 

Foundation for projective geometry, 
413,414. 

Fundamental forms, one dimensional, 
in the plane, 144; 

of the second order, 267, 447; 

— in the plane, 144, 166; 

— in space, 407. 

Generalizations of theorems, concept 
of, 62; 

— by polar reciprocation, 332-334, 
341, 403; 

— by projection, 334-340, 342; 

— by inversion, 379, 380, 389; 

— by a quadratic transformation, 
403. 

Genus, 221. 

Geometry, general, see Contents, Ch. 
XI. 

Geometries, special, see Projective, 
Affine, Metric, Inversive. 
Gergonne, 27. 

Group of transformations, definition 
of, 91, 92; 
continuous — , 387. 

Harmonic division, see Contents, Ch. 
IV; 

condition for — , 79, 155; 

— * of two pairs by a tjiird pair, 151, 
155, 271, 272, 380; 

— of points on a conic, 270, 272; 

— of tangents to a conic, 272; 

— intheplaneof inversion, 392, 393. 
Homology, 423, 456. 

Homothetic transformations, 113, 

300, 359, 388. 

Hyperbola, 131-136, 235-243, 245; 

rectangular — , 321, 324. 
Hyperboloid, 442. 

H 3 q>ocycloid of four cusps, 204, 209, 

222 . 


Inflectipn, points of, 220; 

— of a cubic curve of genus one, 
222. 

Inflectional tangents, 220. 

Intersections of two point conics, 
279-284, 323. 

Invariants, concept of, 93-95; 
relative — , 129; 
weight of — , 246; 
arithmetic — , 248. 

Inverse points, in a circle, 346, 347, 
354, 366, 367, 378, 400, 461; 

— in each of two circles, 349, 379, 
380; 

— in a circle on the sphere, 455, 
456. 

Inversion, in the real Cartesian plane, 
363-368; 

— in the real inversive plane, 377; 

— in the complex Cartesian plane, 
400, 403; 

— on the si>here, 455-457; 
applications of — , 378-384; 

— of regions, 380-382. 

Inversive geometry, 388-390; 

projective equivalent of real — ,395. 

Inversive geometry on the sphere, 
451-458; 

— , equivalent to projective geom- 
etry on a quadric, 451, 455; 
relation of — to surrounding pro- 
jective space, 455-458. 

Inversive properties, 388, 390. 

Involutions, one dimensional, 149- 
155; 

, represented by bilinear 

forms, 154; 

, determined by pairs of 

quadratic forms, 155; 

, on a conic, 270-273; 

, determined by a pencil of 

conics, 311-314; 

— in the plane, 272-274; 

— in space, 423, 424, 456; 

Moebius — , 394, 396. 

Isogonal conjugate points, 49, 172, 
324, 403. 

Isotropic cone, 425, 426. 

Isotropic coordinates, in real inversive 
plane, 390, 391, 394; 

— in complex inversive plane, 396, 
397, 399, 448, 453. 
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Isotropic lines, in the plane, 120-130; 
quadrilaterals with — as sides, 125, 
128, 135, 242; 

— in space, 424-426; 

— in the plane of inversion, 396- 
400. 

Isotropic planes, 425, 426, 429. 

Klein, 18. 

Lagiierre^s projective interpretation 
of perpendicularity and angle, 
127, 130, 426, 429, 454. 

Laplace, 462. 

Line, as fundamental element, 65, 
178, 407, 461; 
extended — , 137, 138; 
projective — , 143; 

— s at infinity in metric spaces, 22, 
31, 171; 

— s at infinity in inversivc plane, 

397, 398; 

imaginary — s, 116-119, 145, 397, 

398, 

Lines in the plane, pencils of, 36; 
linear dependence of — , 36, 44, 68; 
concurrent — , 32, 38; 
parallel — , 123, 180; 
harmonic sets of — , 56, 

Lines in space, pencil and sheaf of, 
407; 

coordinates of — , 462, 463; 
linear dependence of — , 464, 465, 
469, 475; 

condition that two — intersect, 464; 

— intersecting four lines, 450, 465; 
complex of — , 465-471, 474, 475; 
congruence of — ^,471, 472, 4^, 475; 
regulus of — , sec Reguli. 

Line conics, see Contents, Chs. XII, 
XIV-XVl, also Conics. 

Line curves, see Contents, Ch. XIII, 
also Curves. 

Line geometry in space, 461-475. 
Linear combination, of number sets, 
11; 

— of lines, 34, 44, 69; 

— of points, 40, 44, 69; 

— of conics, 284, 286, 305; 

— of circles, 48, 353; 

— of points or planes in space, 406, 
407; 


— of lines in space, 464, 465, 475. 

Linear dependence, of number sets, 8; 

of lines or points in the plane, 
37-40, 44, 68; 

— of circles, 352, 359; 

— of points or planes in space, 406, 
407; 

— of lines in space, 464, 465, 469, 
475. 

Linear equations, see Contents, Ch. I. 

Linear transformations, one-dimen* 
sional, 99-102, 142; 

— , two-dimensional, 103-112, 114, 
160-162; 

— , three-dimensional, 422; 

— of the complex variable, see Cir- 
cular transformations; 

— , singular, 100, 114, 244. 

Maclaurin's method of generating a 
conic, 257. 

Matrices, 1-3. 

Menelaus’ theorem, 81, 361. 

Metric (Cartesian) coordinates, of 
points in the plane, see Contents, 
Ch. Ill; 

— of lines in the plane, see Con- 
tents, Ch. V; 

— in a range of ix)intB or pencil of 
lines, 137; 

— of points and planes in space, 
404. 

Metric geometry, 18, 112, 185, 429; 

— f relation of, to projective geom- 
etry, 112, 130, 185; 

— of the circle, 389, 396. 

Metric property, definition of, 18, 112, 
185; 

— with respect to inversive geom- 
etry, 389; 

relative nature of — , 389. 

Minimal line, see Isotropic line. 

Minimal plane, see Isotropic plane. 

Moebius, 56, 170, 394, 456. 

/ 

Newton's method of generating a 
conic, 258. 

Nine-point circle, 321. 

Null systems, 467-471. 

Orthogonal substitutions, 457-459. 

Osculating circle, 294, 324. 



484 


INDEX 


Osgood, 123, 205, 210, 215, 218. 

Parabola, 131-134, 235-243, 245; 
special imaginary — , 249; 

— s in a pencil of point conics, 
292, 300; 

similar and similarly placed — s, 
299, 300; 

confocal — s, 310, 313, 324, 325. 
Paraboloid, 441-444, 451. 

Parallelism of lines, 123, 180. 
Parameters, count of, 174-178; 
homogeneous — , 175; 
mixed — , 176, 390, 397, 448. 
Parametric representations, of curves, 
207-210; 

— of unicursal curves, 223-225; 

— of conics, 225, 274-276; 

— of quadrics, 449, 451. 

Pascal’s theorem, 259-264, 278, 297, 

335. 

Pencil, of lines, 36; 

— of circles, 48, 353; 

— of tangents to a conic, 267; 

— of conics, 284-292, 305-308, 
311-321; 

— of planes, 405, 406; 

— of circles on the sphere, 454, 457 ; 

— of linear complexes, 471. 
Perpendicularity, projective interpre- 
tation of, 127, 426- 

Perspective correspondences, 254, 
255, 264-267, 414, 415. 

Plane, as fundamental element, 178, 
407; 

— at infinity, 22; 
extended Cartesian — , 22; 
extended complex — , 116; 
projective — , 159; 

real — of inversion, 377, 395; 
complex — of inversion, 397. 
Planes, pencil and sheaf of, 405-407; 
linear dependence of — , 406, 407; 
coaxal — , 406; 
copunctual — , 407. 

Plane quadrics, 432, 433, see also 
Quadrics. 

Pluecker, 30, 34, 67; 

— line coordinates, 461-463; 
equations of — , 220, 221. 

Point, as fundamental element, 65, 
178, 407; 


— 8 at infinity in metric spaces, 21, 

22, 404; 

— 8 at infinity in inversive plane, 
377, 397, 398; 

imaginary — s, 115-119, 145, 397; 
geometry at a — , 415, 416. 

Points, ranges of, 40, 69, 267, 406; 
linear dependence of — , 39, 44, 68, 
406, 407; 

collinear — , 33, 40; 
coplanar — , 407; 
harmonic sets of — , 53, 392; 
concyclic — , 392, 395; 
orthocyclic — , 392, 395, 458; 
isogonal conjugate — , 49, 172, 324, 
403. 

Point conics, see Contents, Chs. XII, 
XIV-XVI, also Conics. 

Point curves, see Contents, Ch. XIII, 
also Curves. 

Point quadrics, 430-432, see also 
Quadrics. 

Polar elements with respect to, a 
conic, 227-231, 243-245; see also 
Polar reciprocation; 

— pairs and pencils of conics, 314- 
318; 

— a circle, 243, 331; 

— a quadric cone, 416; 

— a quadric, 436-441; 

— a null system, 467-472. 

Polar reciprocation, 326-334. 
Poncclet, 18, 27, 30, 326, 336. 

Poristic system of circles, 382-384. 
Power of a point, 345, 351; 

relative — , 460, 461. 

Principal planes of a quadric, 443. 
Projection, of a line upon a line, 16, 

23, 95, 97; 

— of a plane upon a plane, 16, 23, 
102; 

vanishing points and lines of — s, 
19, 20, 23; 

applications of — s, 334-342. 
Projective coordinates, one dimen- 
sional, see Contents, Ch. IX; 

in the points of a conic, 274, 

275; 

in a reguluB, 448; 

in space, 408-411, 418; 

— in the plane, see Contents, Ch. 
X; 
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— , two-dimensionali in space, 414, 
415, 418; 

— of points and planes in space, 
41^21; 

— of lines in space, 462, 463; 

— on a quadric, 448. 

Projective correspondences, one-di- 
mensional, 95-97, 144, 145, 264- 
267, 413, 445, 446; 

— — on conics, 267-272, 278; 

on quadrics, 448, 451; 

— , two-dimensional, 414, 415. 

Projective geometry, 18, 112, 185, 
429; 

complex — 145; 

— at a point, 415, 416; 

— on a quadric, 448-451; 

— in a regulus, 447, 448; 

— in the lines of space, 461-475. 
Projective property, definition of, 17, 

112, 185. 

Projective transformations (one-di- 
mensional), see contents, Ch. VII, 
Part B; 

— in projective coordinates, 141, 
145; 

— of any fundamental forms, 145; 
fixed elements, invariant, and clas- 
sification of — , 146-149, 186; 

involutory — , 149-155; 

— , represented by bilinear forms, 
154* 

— on a conic, 267-272, 275, 278; 

— on a quadric, 448-450. 
Projective transformations (two-di- 
mensional), sec Contents, Ch. 
VII, Part C, and Collineatuins, 
Correlations; 

— in projective coordinates, 162; 

— of any fundamental forms, 166; 

— on a quadric, 449, 450. 
Projective transformations, three- 

dimensional, 421^24. 
Proportionality, see Linear depend- 
ence. 

Quadratic forms in two variables, 155. 
Quadratic forms, in three variables, 
invariants of, 246-248; 
polar forms of — , 436. 

Quadratic transformations, 401-403. 
Quadric cone, 415, 416, 431. 


Quadrics, nonsingular, as point quad* 
rics, 432; 

— , as plane quadrics, 433; 

as both, 433, 434; 
rulings of — , 434, 435; see also 
Reguli; 

projective properties and classifica- 
tion of —, 434-^1, 445-451; 
affine properties and classification 
of — , 441-443; 

metric properties and classification 
of — , 443, 444; 

projective generation of — ,445-448; 

— determined by given conditions, 
447, 450. 

Quadrics, singular, 431, 433. 

Radial transformation, 113. 

Radical axis, 348-352. 

Radical center, 358. 

Radical circle, 354. 

Range of points, 40, 406; 

— on a conic, 267. 

Rank of a matrix, 2. 

Reciprocal polar figures and curves, 
326, 328-330, 343. 

Rectangular trihcdrals, 426-430. 

Reflections, of the plane, 388; 

— of space, 428. 

Reguli, 435, 445-451, 472-475; 
degenerate — , 474; 
conjugate — , 435; 
projective geometry in — , 447, 448. 

Relative slope of a line, 124, 125, 128. 

Rigid motions, of the plane, 18, 84-95; 

, fixed points of, 120; 

as circular transformations, 

388’ 

— of space, 427-430; 

— , as collineations, 130, 429. 

Rotations, of the plane, 84, 85, 88, 92, 
93; 

— , as circular transformations, 

388’ 

— of space, 427# 428, 430. 

Screw motion, 430, 470. 

Self-conjugate tetrahedra, 439, 441. 

Self-conjugate triangles, 231, 232, 236, 
241,248,322,323; 

— with respect to a pair or a pencil 
of conics, 316-318. 



INDEX 


Sheaf, of lines or planes, 407; 

— of linear complexes, 473. 
Similarity transformations, 113; 

direct and indirect — , 387, 388; 

— of space, 428, 429; 

— , as collineations, 129, 130, 429; 
— , as affine transformations, 184, 
429; 

— , as circular transformations, 
384-388. 

Singular lines, of a line conic, 196; 

— of a pencil of line conics, 315- 
318; 

— of an algebraic curve, 215, 218- 
222. 

Singular planes of a plane quadric, 
433. 

Singular points, of a point conic, 189; 

— of a pencil of point conics, 315- 
318; 

— of an algebraic curve, 214, 218- 
222; 

— of a point quadric, 431. 

Skew quadrilateral, 435; 

— on a quadric, 436, 441, 447, 449. 
Skew involutions, 423, 424, 456. 
Space, extended, 22, 404. 

Steiner’s theorem, 252, 253. 
Stereographic projection, 451-455, 

457, 458. 

Sturm’s involution theorem, 311. 

Tangent line, at a point, to a point 
conic, 193, 200; 

to a point curve, 204; 

toan algebraic curve, 2 14, 225; 

— to a quadric, 432, 433. 

Tangent plane, to a quadric, 432; 

— to a quadric cone, 415. 

Tangents common to two line conics, 

303-305. 

Tetrahedra, extension of Desargues’ 
triangle theorem to, 421. 
Tetrahedron of reference, 416. 
Triangle, of reference, 158, 163. 

— , self-conjugate, see self-conjugate 
triangle. 

Triangle, theorem of Desargues, 23- 
25, 27, 41-43, 328; 
concurrent lines through vertices of 
a — , 43, 62-64, 80, 82; 


Gollinear points on the sides of a 
— , 43, 62-64, 71, 80, 82; 
bisectors of angles of a — , 47, 49, 
63, 71; 

medians of a — , 47, 172; 
altitudes of a — , 49, 172; 
centers of inscribed and escribed 
circles of a — , 172; 
circumscribed circle of a — ,172; 
area of a — , 95, 182. 

Transformations, see Contents, Ch, 
VII; 

associative law for — , 88; 
involutory — , 149; 
conformal — , 365; 
fixed points of — , 146. 

Transformations, applications of, see 
Contents, Ch. XVII. 

Transformation of coordinates, met- 
ric, in the plane, 141, 142; 

— , projective, in one dimension, 
141-143, 409; 

— , projective, on a conic, 275; 

— , projective, in the plane, 160- 
162; 

— , projective, in space, 417; 

— , metric to projective, 140, 160, 
417; 

— , affine, in the plane, 181; 

— , metric to isotropic, 396; 

— , isotropic, 394; 

— , isotropic to tetracyclic, 459. 

Translations, in the plane, 84, 85, 88, 
92, 93, 102; 

, as circular transformations, 

388; 

— of space, 427, 428. 

Unicursal curves, 224. 

Unit element of projective coordinate 
system, 158, 163, 409, 417. 

United position, 408. 

Vanishing points and lines, 19, 20, 23, 
99, 105. 

Vertex of a parabola, 240, 

Von Staudt, 139. 

Zero elements of projective coordinate 
systems, 409, 416. 




